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ABSTRACT 
Researcher: Timothy Allen Sestak 
Title: EFFECT OF SURFACE MATERIALS AND MORPHOLOGY ON 
WINGSUIT AERODYNAMICS 
Institution: Embry-Riddle Aeronautical University 
Degree: Doctor of Philosophy in Aviation 
Year: 2017 
This study examines the aerodynamic effects of the materials, textiles, and morphologies 
currently used in wingsuit design and construction.  The experiment was a low-speed 
wind tunnel investigation using a rigid wing with an aspect ratio of 2, a NACA 4418 
airfoil cross section and a smooth, polished painted surface as a baseline.  The baseline 
wing was modified by covering the upper and lower surfaces with various textiles 
currently used in wingsuit construction.  This study is the first step in continued research 
to design and build a wingsuit with superior glide performance compared to current 
designs.  Surface textures and features on the lifting surfaces of wings are known to have 
significant aerodynamic consequences.  This experiment compared the lift and drag of a 
representative low aspect ratio wing before and after covering the wing with the various 
fabrics and textiles used in current wingsuit design and arranged the various textiles and 
other wingsuit features, like zippers and seams, in morphologies currently used in 
wingsuit construction. 
The data collected clearly shows current wingsuit materials and morphologies 
have a potentially large, usually undesirable effect on flight performance.  All woven 
fabrics reduced aerodynamic efficiency as measured by CL/CD.  Those treatments with 
 v 
 
the roughest surfaces greatly reduced lift and increased drag as much as 50% or more and 
reduced aerodynamic efficiency as much as 75%.  Placement of zippers and seams are 
shown to be critical factors for both aerodynamic efficiency and stability.  Current 
combinations of fabrics and morphologies were shown to be often mutually and 
additively detrimental to aerodynamic performance. Certain textiles showed possible 
utility in drag reduction. It was initially thought that the effects of the surface treatments 
on lift would be the major factor in wingsuit performance.  While the effects on lift were 
significant, the large drag penalties due to woven and textured fabrics and textiles and the 
early separation of airflow at low angles of attack, appear to have had the greatest effect 
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Wingsuit flight is a specific form of skydiving that uses specially designed 
garments to create wings on the arms and legs of a skydiver. While conventional 
skydivers fall near vertically at approximately 100 to 160 mph (45 m/s to 70 m/s), 
wingsuit pilots traverse laterally through the sky for miles.  According to the United 
States Parachute Association (USPA), sport wingsuit pilots generally achieve vertical 
(downward) descent rates of 30 to 65 mph (13 to 29 m/s) and horizontal (forward) 
velocities between 40 to 155 mph (20 to 70 m/s) (Paralog, n.d.; USPA, 2017).  
Experienced wingsuit pilots with large specialized wingsuits can fly in an expanded flight 
envelope that exceeds these parameters fractionally, the performance achieved depends 
greatly on pilot skill and experience.  Competition wingsuit flyers fly at speeds averaging 
from 80 knots to 180 knots (40 m/s to 90 m/s) using the human body for aerodynamic 
control by moving their arms and legs (Paralog, 2016a).  Wingsuits do not land using the 
wingsuit with current designs, instead the wingsuit pilot deploys a parachute at a safe 
altitude to descend to the ground.  Wingsuit design has gradually evolved from the first 
flights by Patrick de Gayardon in the 1990s, and flight performance has improved 
significantly (Abrams, 2003).  The interested reader can find a non-academic history of 






Skydiving and the Origins of Wingsuits 
The lure of the sport of skydiving has grown enormously since its early 
barnstorming origins and it is now a high-technology, diversified sport, one of the few 
popular sports directly related to the aerospace industry.  Skydiving is also now one of 
the safest sports activities (Blastland & Spiegelhalter, 2013).  Safety in the sport has been 
continually improved through high-quality, high-technology equipment and a well-
established and enthusiastically embraced regimen of self-regulation and safety within 
the sport.  Skydiving is one of the most stable sports in participation and growth and one 
of the fastest evolving high technology sports, with avid participants (Celsi, Rose, & 
Leigh, 1993).  It has diversified into a variety of specialized skills within the sport 
(USPA, 2008a).   
The latest facet of the sport and the next step in skydiving technology is wingsuit 
flight.  Wingsuit flight gives the participant the exhilarating feeling of bird-like flight 
where the pilot, by physically changing body position and shape, controls his path 
through the sky in a wearable aircraft.  Wingsuit pilots often fly in flocks where pilots 
maneuver close to one another; such a flock is shown in Figure 1.   
 BASE is an acronym for Buildings, Antennas, Spans, and Earth, the fixed objects 
from which another specialized group of sport jumpers commonly leap (Gerdes, 2014).  
Wingsuits are used in sport jumping from aircraft and in BASE jumping from steep cliffs 
where some expert pilots fly mere feet from the surface of the earth, as shown in Figure 
2.  These activities show the level of skill and precision that can be obtained with modern 









Flying a wingsuit close to the terrain is called proximity flying and is commonly 
done jumping from aircraft or launching from high cliffs (Gerdes, 2014).  This activity 
has proven to be much more dangerous than skydiving from an airplane.  BASE jumping  
 
Figure 2.  Low altitude wingsuit flight through pylons by expert BASE jumpers 
(Squirrel, 2017b).  Reprinted from Squirrel, home page.  In Squirrel, 2017b, Retrieved 
March 8, 2017, from http://squirrel.ws/img/headers/Header_Image_10.jpg.  Copyright 
2017 by Squirrel.  Reprinted with permission. 
 
Figure 1.  A formation of wingsuits in flight (Squirrel, 2017a).  Reprinted from 
Squirrel, home page.  In Squirrel, 2017a, Retrieved March 8, 2017, from 
http://squirrel.ws/img/headers/Header_Image_18.jpg.  Copyright 2017 by Squirrel.  








is not sanctioned by the USPA, whose guidelines state that all parachutists should initiate 
their parachute opening procedure no lower than 2,000 feet above the ground (USPA, 
2015b, p. 7). 
Wingsuit BASE jumping is a dangerous and exacting sport where precision 
control is required.  Sport skydiving wingsuit flying, while significantly safer than BASE 
jumping, does not enjoy the high levels of safety that skydiving does in general because 
of still developing equipment and protocols, but the risk is often inflated by the addition 
of BASE and proximity flying accidents with normal sport skydiving wingsuit flight 
(Mei-Dan & Carmont, 2012; Mai-Duc, Branson-Potts, & Mejia, 2015).   
As the sport has gained popularity among participants and developed a 
widespread fascination among non-participants, accidents in the sport have drawn 
exceptional media attention.  The annual death toll of the elite athletes in the sport from 
2013 to 2016 has baffled the wingsuit community (Bisharat, 2016; Blinc Magazine, n.d.; 
Chalmers, 2014).  Experienced expert pilots have had fatal accidents in familiar settings, 
while performing well-known and carefully rehearsed flights (Blinc Magazine, n.d.).  It is 
the author’s contention that the cause of some of these accidents is a poor understanding 
of the aerodynamics and performance limitations of wingsuits, as currently constructed 
(Phoenix Fly, 2014c).  While expert wingsuit pilots have performed challenging feats of 
precision and skill, the poorly defined envelope of wingsuit flight is distressingly small 
(Robson & D’Andrea, 2010), the opportunity for chaotic factors to reduce control or 
induce a loss of control is ever-present, and the margin for error in proximity flying is 





minor aerodynamic improvements in wingsuit performance could greatly enhance the 
safety and enjoyment of the sport.   
The start of a sport and an industry.  Use of modern materials like ripstop 
nylon and other high-technology fabrics with construction techniques like ram-air 
inflated airfoil shapes were introduced successfully into wingsuit construction and were 
much publicized by French stuntman Patrick de Gayardon in the 1990s (Abrams, 2003).  
Skydiving equipment had transitioned from drab green, surplus military gear to brightly 
colored, purpose-designed, high-technology sporting equipment (Horan, 2014).  
Gayardon experimented and produced several wingsuits which he flew and used for 
personal promotion through video and other visual media.  Gayardon’s wingsuit flights 
and stunts, which included the first wingsuit BASE jumps and the first jump from a plane 
and subsequent return to the same airplane, enthralled a new generation of skydivers.  
Gayardon’s construction techniques became the model for those that followed (Abrams, 
2006).  Designs have proliferated since, with at least nine principal companies having 
sold wingsuits worldwide.   
Current wingsuit design and materials.  Modern wingsuits use state-of-the-art 
textiles and ram-air inflated airfoil shapes to create lift for gliding flight.  Modern textiles 
made of nylon, polyester, aramids, acrylics, polyurethanes, olefin, polylactide, polyvinyl 
chlorides, silicone, and carbon now provide an even wider variety of choices for 
construction of wingsuits (Horrocks & Anand, 2000).  These substances appear in a 
variety of woven fabrics and films such as parapack, ripstop, Oxford, ballistic, and 





Beesley, 2005).  These materials are available in combinations of substances and weaves 
under an ever-expanding number of brand names and trade names.   
A modern wingsuit is essentially a fabric garment with large membranes between 
the arms and legs of the wingsuit pilot.  Wingsuit flight and design is still in its 
pioneering stages and current development of wingsuits regarding aerodynamics is naive.  
Since the first successful commercial wingsuits the arm and leg membranes have 
increased in size and use ram-air inflated airfoil-shapes.  The largest wingsuits are 
essentially, very short span, rectangular wings with an aspect ratio of about one.  Current 
wingsuit designs of all manufacturers are very similar.  Application of sound 
aerodynamic principles and scientific stepwise development of new designs appears to be 
rare.    
A picture of a current, high-performance, expert level wingsuit in flight is shown 
in Figure 3.  Examination, with aerodynamics in mind, shows the trailing edges of the 
arm wings attached low on the leading edges of the leg wing.  Most of the surfaces are 
made of woven fabric.  A significant amount of work has been done on more recent 
designs to make the bottom surface as flat and smooth as possible to reduce drag. 
Wingsuit manufacturers have been experimenting with smooth monofilm 
laminates and polyethylene terephthalate (PET) films; the most well-known of these is 
DuPont’s Mylar.  Currently, as used on wingsuits, these monofilm laminates are often 
used to create a short layer on the leading edges of the arm wings (see Figure 3) or also 
for a short distance on the bottoms of the arm wings (see Figure 51).  Evidence from 
online advertising indicates wingsuit manufacturers believe this application reduces drag 






These materials are used extensively in hang gliders (Wills Wing Inc., 2014), 
wind surfing sails, and yacht sails (Daley, 2005).  Manufacturing and construction 
techniques are evolving rapidly in these sports (Friedman & Walsh, 2002), likely due to 
the demographic factors, the length of time the sport has been active, the high numbers of 
participants, larger markets, and profitability.  Monofilm laminates and PET films with 
and without embedded fibers are popular in these sports, but little is known about their 
performance at the speeds and Reynolds numbers of wingsuit operations.  Much of the 
progress in wingsuits to date has been by trial and error and, despite claims of 
aerodynamic research and several groups investigating wingsuit performance in wind 
tunnels, the aerodynamics of wingsuits remains largely undetermined (Higgins, 2015).   
Figure 2.  The Jedi 3 wingsuit.  An expert level wingsuit from TonySuits.  Note the 
use of a strip of monofilm laminate on the leading edge of the arm wing (TonySuits, 
2017b).  Reprinted from TonySuits, Jedi 3 TT.  In TonySuits, 2017b, Retrieved 
March 8, 2017, from http://www.tonysuits.com/images/product/jedei-3-image-1.jpg.  






The shape of the wingsuit is maintained by the human form inside and ram-air 
pressure within the hollow airfoil sections of the arm and leg wings.  This ram-air 
pressure is delivered to the suit through small inlets strategically positioned on the 
surface of the suit as shown in Figures 4 and 5.  Due to friction and pressure losses in the 
intake and through distribution of pressure inside the airfoils, internal pressure is not 
sufficient to overcome the outside dynamic pressure.  The airfoil shapes of the wingsuit 
are deformed by the high outside pressure at higher speeds and low angles of attack 
(AOA).  This is the case in ram-air inflated parachutes and parafoils at much lower 
airspeeds (Lingard, 1986). 
 
  
Examination of the numerous online videos that feature high performance 
wingsuit flight recorded by cameras worn by wingsuit pilots shows frequent deformation  
Figure 3.  A detail close-up of a stiffened reinforced wingsuit ram-air inlet over 
monofilm laminate on a Squirrel brand wingsuit (Squirrel, 2017c).  Adapted from 
Squirrel, Freak 2.  In Squirrel, 2017c, Retrieved March 8, 2017, from 
http://squirrel.ws/img/suits/gallery/freak2/features/compresion2.jpg.  Copyright 2017 by 







of the wingsuit airfoil shapes.  Significant deformation occurs often on the leading edges 
of arm wings where the dynamic air pressure of forward flight creates the highest 
pressure.  An excellent example can be found at https://vimeo.com/102750136 (Walden, 
2014).  In this video, at three minutes and 16 seconds, immediately after the launch from 
a cliff, the wingsuit arm wings inflate and then go through a series of significant 
distortions as airspeed builds.  At three minutes and 29 seconds into the video clip, the 
suit is in full flight.  This effect is also evidenced by the flattening and various other 
deformations of the neoprene leading edges of the same wingsuit in maneuvering flight 
from three minutes and 50 seconds to four minutes in the video clip.  During this time, 
Figure 4.  Wingsuit inlets are positioned to receive ram-air to pressurize the airfoil 
shapes of the suit.  They can be seen under the armpits and between the legs of the 
wingsuit shown by red arrows above (TonySuits, 2010b).  Reprinted from TonySuits, S-
Bird.  In TonySuits, 2010b, Retrieved July, 2016, from 
http://www.tonywingsuits.com/images/20.jpg.  Copyright 2010 by TonySuits.  Reprinted 






deformations of the leg wing upper surface can also be observed.  Flapping, waves, 
wrinkles, and other deformations are often seen involving varying parts of wingsuits in 
flight.  Another example can be found at http://vimeo.com/15694550 where a wingsuit 
with parapack fabric leading edges undergoes significant flattening during maneuvering 
from 44 to 48 seconds and again from one minute 14 seconds to one minute 20 seconds 
in stable flight (Gerdes, 2010). 
 
 
The sport matures.  Wingsuit flight has evolved into a genuine sport recognized 
by the International Parachuting Commission (IPC) of the Fédération Aéronautique 
Internationale (FAI) with international competition rules for performance flying (FAI, 
2016).  Wingsuit flight performance is measured in three competitive task areas: time, 
distance, and speed.  Performance records are kept on the Paralog (2016a) website which 
also explains the competition rules and procedures.  These tasks are explained in Figures 
6, 7, and 8.  The competition window is the airspace between 2,000 m and 3,000 m above 
ground level.  The competitor exits an airplane between 3,500, to 4000 m above the 
ground and dives to the competition airspace.  The competitor then tries to accomplish 























Figure 6.  Distance Task: The wingsuit flyer is to fly as far as possible through the 
competition window. The result for this task will be the straight-line distance flown over 
the ground while in the competition window, expressed in meters, rounded to a whole 
number.  Reprinted from Paralog. In Paralog, 2017, Retrieved March 8, 2017, from 
https://ppc.paralog.net/images/DISTANCE.jpg.  Copyright 2017 by Paralog. Adapted 
with permission. 
 
Figure 5.  Time Task: The wingsuit flyer is to fly with the slowest fall rate possible 
through the competition window.  The result for this task will be the time taken to fly 
through the competition window, expressed in seconds, rounded to one decimal place.  
Adapted from Paralog.  In Paralog, 2017, Retrieved March 8, 2017, from 
https://ppc.paralog.net/images/TIME.jpg.  Copyright 2017 by Paralog.  Adapted with 
permission. 








An example of the data record of a current world record performance in the 
distance task is shown in Figure 9.  This shows some of the performance capabilities of 
an expert level wingsuit flown by world class competitor Alexe Galda (Paralog, 2016b).  
It depicts a dive to 370 km/hr (200 knots) followed by a rapid level-off and a brief climb.  
Within 15 seconds, the flight has decelerated to 250 km/hr (135 knots), averaging about a 
4.6:1 glide ratio.  The pilot maintains approximately 135 knots until just before leaving 
the competition airspace.  At that time, Galda pulls up sharply to use the last bit of excess 
airspeed energy and briefly achieves a 6.5+ glide ratio.  This is a nearly perfect flight in 
today’s wingsuit competition world.  It shows an effective or average glide ratio of about 
4.6 for 55 seconds at a GPS measured speed of 250 km/hr (135 knots).  GPS speeds are 
geo-reference and do not consider wind velocity, so the actual airspeed is unknown and 
Figure 7.  Speed Task: The wingsuit flyer is to fly as fast as possible horizontally over 
the ground through the competition window.  The result for this task will be the straight-
line distance flown over the ground while in the competition window divided by the time.  
Reprinted from Paralog.  In Paralog, 2017, Retrieved March 8, 2017, from 







would vary from the GPS speed if the flight were upwind or downwind; this would also 
affect the glide ratio recorded.   
 
 
The record-setting wingsuit performance above was that of a world class athlete 
flying an expert level wingsuit in competition.  Sport wingsuit pilots achieve significantly 
lower performance.  Many non-competition flights entered on paralog by ordinary sport 
pilots show average performance of significantly less than 3 to 1 glide ratio, considerably 
lower than the record setting performance (Paralog, n.d.).  In general, wingsuit glide 
performance commonly results in less than 3 to 1 glide ratios (Robson & D’Andrea, 
2010; USPA, 2017).   
Figure 8.  GPS data of altitude, vertical speed, horizontal speed, total speed, and glide 
ratio of a world record wingsuit flight in the distance task (Paralog, 2016b).  Adapted 
from Paralog. In Paralog, 2017, Retrieved March 8, 2017, from 
https://ppc.paralog.net/showtrack.php?track=21798.  Copyright 2017 by Paralog. 






Other physical cues that wingsuits lack in aerodynamic efficiency is the need for 
very smooth and gentle control inputs to avoid rapid altitude losses.  In the ordinary 
energy maneuver of trading airspeed for altitude, or diving to a high airspeed and using 
the energy thus developed to zoom climb, the wingsuit pilot must be extremely smooth 
and change pitch attitude smoothly and slowly.  In the world record example above, this 
pitch-up maneuver takes about 15 seconds.  The expert wingsuit pilot can climb briefly 
with a high level of excess airspeed, but most wingsuit pilots can do little more than 
merely maintain altitude or significantly reduce the rate of descent for a few seconds 
(Squirrel, n.d.b).  Pitch maneuvers must be done very smoothly and slowly to have any 
useful aerodynamic effect. 
 
Current Wingsuit Design Technology 
The current state of wingsuit design is lauded as a significant improvement in 
performance and safety over the last 15 years (Borys, 2015).  The expectation is for 
continued improvement using new materials and construction techniques.  There are 
several groups currently working on wingsuit performance improvements as the general 
mindset of the sport transitions from one of trial and error to the application of 
technology and scientific principles (Bisharat, 2015).  Presently, there is little 
documentation in the scholarly domain; however, information is gradually increasing as 
this enrapturing sport shows its potential beyond thrill seeking and captures the interest of 
a variety of academic experts.  An examination of the factors involved in current wingsuit 






Ram-air inflated structure.  Wingsuit wings, both arm wing and leg wing 
designs, are currently ram-air inflated through external scoops as shown in Figures 4 and 
5, and have an internal flexible fabric rib structure that is meant to give them an airfoil 
shape in flight.  This is the same sort of structure used in conventional aircraft with metal 
and in ram-air parachutes and parafoils with fabric.  The human arm serves as both the 
spar and the leading edge support in a wingsuit arm wing, and the leg plays a similar role 
in the leg wings.  A generic example of this structure is shown in Figure 10 which looks 
much like a common aircraft wing without a spar.  The spar in the case of the wingsuit 
arm-wing is the human arm.  
 
 
A photograph of a wingsuit in flight with a transparent surface over the top of the leg 
wing is shown in Figure 11.  This photograph shows the internal structure of the ram-air 
inflated leg wing.  This sort of structure is used both in the arm wings and leg wings of 
conventional wingsuits.  The ram-air inflated structures stiffen with pressure and, to some 
extent, help the pilot maintain body position against the aerodynamic forces in flight.  
Figure 9.  An idealized diagram of ram-air inflated wingsuit wing structure for an arm 





Discussion with manufacturers indicates that selection of airfoils has little solid 
engineering or scientific basis.  Evidence from wingsuit manufacturers indicates airfoils 
used in wingsuit construction are generally chosen or altered to fit to the human form 
vice aerodynamic performance (Uragallo, personal communication, August 15, 2014).  
Application of sound aerodynamic principles and scientific stepwise development of new 
wingsuit designs using proven engineering aircraft design principles may improve the 
process.   
 
   
 
Figure 10.  Wingsuit with transparent upper surface on leg wing, in flight, revealing 
inner structure of ram-air inflated leg wing (Gerdes, 2016).  Adapted from Matthew 
Gerdes. In Gerdes, 2016, Retrieved March 11, 2016, from 
https://www.facebook.com/photo.php?fbid=10154071987925993&set=a.1015099295
1150993.483950.676570992&type=3&theater.  Copyright 2017 by Matthew Gerdes.  






Beginner Level Wingsuits    
Beginner level wingsuits are easier to fly, more stable, more comfortable, and less 
restrictive than more advanced wingsuits.  They are designed to safely train people new 
to the sport and give them experience to perform all the maneuvers necessary for 
wingsuit flight.  The arm wings and leg wings are usually completely separate, and the 
arm wings are designed so that the parachute controls and risers are accessible to the pilot 
without having to unzip or release the wings.  An example of a beginner level wingsuit in 
flight is shown in Figure 12   
 
 
 Beginner wingsuit planforms.  The planform of an aircraft is the outline or 
silhouette of the aircraft, as an orthographic projection from directly above.  The 
Figure 11.  A beginner level wingsuit inflight showing wing shapes and position on the 
pilot’s body (TonySuits, 2017c).  Reprinted from TonySuits, I-Bird 2.  In TonySuits, 2017, 
Retrieved July, 2016, from http://www.tonywingsuits.com/images/20.jpg.  Copyright 2010 





planform of an aircraft shows the shape and size of the wings and the relationship of the 
flying surfaces along the fuselage, if one exists.  Important factors like wing shape, wing 
span, surface area, wing taper, and wing chord are shown in the planform.  By using 
various pictures of wingsuits, both inflight and with people wearing them posing on the 
ground and tracing their outline, a general planform for various types of wingsuits can be 
generated (Birdman International Ltd., 2013; Intrudair Kft., n.d.; Phoenix-Fly d.o.o., 
2014; TonySuits, 2017f).  A normalized planform of beginner level wingsuits is shown in 
Figure 13 scaled for the 50th percentile American male (Panero & Zelnik, 1979).  
Beginner level wingsuits have a tapered or trapezoidal arm wing with approximately a 
20° sweep and a truncated delta or triangular leg wing with an approximately 70° sweep, 
as shown in Figure 13.  
  
Beginner wingsuit aspect ratio (AR).  From the planform drawing, several basic 
characteristics of the wingsuit can be determined.  Wing area S, chord c, span b, and 
aspect ratio (AR) are basic structural characteristics of a wing.  AR is a structural quality 
that has significant aerodynamic effects.  AR is defined as the wingspan b divided by the 















For more irregular wings where the average chord is difficult to determine, the AR is 
calculated as: 
 







As shown in equation 2, AR is defined for tapered or other wings without a 
constant chord as the square of the wingspan b divided by the wing area S (Anderson, 
2005).   Wings with high AR are long, thin wings, and wings with low AR are short, 
stubby wings.  AR affects lift and drag of a wing; higher aspect ratio wings generally 
have higher lift and lower drag for the same wing surface area.  When a wingsuit is 
scaled for the 5’10” tall, 50th percentile American male (NASA, 1995), this results in an 
Figure 12.  Generalized planform for beginner level wingsuits scaled for the 50th 






approximately 60-inch wing span with a 16.5-inch root cord and 10-inch tip cord.  This 












The leg wing trapezoid is approximately 42.5 inches tall and approximately 36 
inches wide at the base measured from the outside of either foot and 13.5 inches at the 
hips of the truncated delta leg wing.  These measurements result in an aspect ratio for the 












Beginner wingsuit wing configuration.  Beginner level wingsuits are essentially 
tandem winged aircraft (Kumar, Marshall, & De Remer, 2005) with the wings one behind 
the other on the same plane (Raymer, 2012), when flying in the straight and level, face 
down position.  The forward arm wing is a two-surface wing with a chordwise airfoil 
cross- section.  The arm wing is a trapezoidal or tapered wing with variable dihedral and 
anhedral controlled by the pilot’s arms.  The arm wing can also be swept aft at the 
sacrifice of creating slack in the wing material which allows it to billow upward and 
reduces the rigidity and stability of the airfoil shape.  The relative position of the arm and 










The aft wing formed by the legs and membrane between them is an aft delta wing with a 
spanwise camber and leading edge anhedral, as shown in Figure 15.  Delta wings are 
generally low aspect ratio wings that taper to a point and generate high lift and high drag 
at high angles of attack.  Anhedral has been shown to increase lift and reduce drag in 
highly swept delta wings with both spanwise chord and linear anhedral profiles (Traub, 
2000).  While the blunt leading edges and uneven surface of the wingsuit is dissimilar to 
the thin plate and smooth and rigid wings tested in Traub’s paper (2000), there exists the  
 
Figure 13.  Profile diagram of tandem placement arm and leg wings on beginner level 
wingsuit. 
Figure 14. Diagram of wingsuit leg wing from behind while in forward flight showing 





potential that the wingsuit leg wing configuration is in several ways a configuration with 
the potential to generate significant lift (Luckring, 2002).  It is also noted that the body of 
the pilot ahead of the leg wing may have a significant aerodynamic effect on the leg 
wing, and a line down the body center from head to the trailing edge of the leg wing 
would be the longest length on the wingsuit planform.  Also noted was how the lower leg 
and heel of the foot protrude through the top surface of the leg wing. 
Other beginner wingsuit features include a ram-air inflated “fairing” between the 
aft part of the parachute container and the leg wing as an attempt to smooth the airflow 
down the center of the wingsuit pilot’s body.  This would possibly create a lifting surface 
that extends the entire length of the wingsuit pilot’s body.  If, in fact, this sort of airflow 
occurs, this would be the lifting surface with the longest chord on the wingsuit.  Such a 
feature is visible on the wingsuit in Figure 16, while the wingsuit in Figure 12 does not 
have this feature. 
 
Figure 15.  Beginner level wingsuit with ram-air inflated fairing between leg wing and 
parachute container (Squirrel, 2017d). Reprinted from Squirrel, Hatch. In Squirrel, 
2017d, Retrieved March 8, 2017, from http://squirrel.ws/wingsuits/hatch. Copyright 






Flight control is achieved through changing shape and position of the wings by 
coordinated movements of the pilot’s body.  Body motion as subtle as the pilot turning 
his head left or right, changing the pitch of an extended hand, or pointing one toe while 
keeping the other foot in bent position can be used to initiate turns.  Figure 17 shows a 
pilot with arms moved upward to create greater dihedral; this controls stability, lift, pitch 
attitude, airspeed, and rate of descent. 
 
 
Intermediate Level Wingsuits 
There is a large range of size, shape, and wing size and position between beginner 
level wingsuits and expert level wingsuits.  Intermediate level wingsuits introduce 
specialization into wingsuit design.  Some intermediate level wingsuits are specialized for 
speed, others for acrobatics, and some are specialized for BASE jumping.   
 
Figure 16.  Beginner level wingsuit is shown with arms moved upward to create greater 
dihedral (Squirrel, 2017e). Reprinted from Squirrel, Hatch. In Squirrel, 2017e. Retrieved 
March 8, 2017, from http://squirrel.ws/img/suits/gallery/hatch/6.jpg. Copyright 2017 by 






Intermediate wingsuit planforms.  Intermediate level wingsuits have a wider 
range of planforms, but generally follow the same construction techniques as beginner 
level wingsuits with ram-air inflated designs.  Examples of three nominal intermediate 
wingsuit planforms that represent the range of designs are shown in Figure 18.  These 






Intermediate wingsuit AR.  Intermediate level arm wings are generally larger in 
total wing area.  Intermediate leg wings sometimes have a wider leg separation, and 
extensions of the trailing edges of the arm wings are lengthened down the outside edges 
of the leg wing.  Other differences are in sweep, taper, and length of the wings.  One 
common intermediate wingsuit planform is a basic trapezoid tapered wing with an 
inboard trailing edge extension that starts at some point before the inboard wing root 
chord connection to the body/fuselage and extends the arm wing trailing edge down the 
leg wing, as depicted on the leftmost planform in Figure 18 and on the wingsuit in Figure 
Figure 17.  Examples of nominal intermediate wingsuit planforms (Birdman International 






5.  Another is a triangular wing that has a continuous taper to a point at the pilot’s hand 
with a wing root chord that extends partially down the leg wing, as in the center planform 
in Figure 18.  The wingsuit in Figure 19 shows an inboard extension of the arm wing 
down the leg.  These modifications increase the surface area of the arm wings with no 
change in span and generally reduce the AR of the arm wings as surface area increases 






The main differences in intermediate wingsuit planforms are the difference 
between the root chord and the tip chord of the arm wings and the length of any extension 
of the arm wing down the leg of the pilot.  The tip chord of the arm wing of intermediate 
Figure 18.  An intermediate level wingsuit with increased arm wing size, end of 
arm wing grippers, and an extension of the arm-wing down the leg of the pilot 
(TonySuits, 2010b).  Reprinted from TonySuits, S-Bird.  In TonySuits, 2010b, 
Retrieved July, 2016, from http://www.tonywingsuits.com/images/20.jpg.  





level wingsuits is often increased by the addition of a rigid rod in the wing tip.  The pilot 
holds this rod and can deflect it up or down to help control the wing aerodynamics.  
These rigid tip rods can be seen in the pilot’s hand in Figures 3 and 5.  The irregular arm 
wing shapes and overlap of arm wings and leg wings complicates the measurement of 
AR, but generally aspect ratios of intermediate level wingsuits are in the range of 2.5 or 
lower.    
Leg wings of intermediate wingsuits are similar to beginner suits; however, 
sometimes they are designed with wider stances and with the main body of the leg wing 
extending further into the space between or beyond the pilot’s feet.  Widening the 
separation between the pilot’s feet would increase the span of the leg wing increasing 
area and AR.   
Figure 20 shows a graphic depiction of the geometric effect on the leg wing of 
changing the separation between the pilot’s feet.  To examine the effect of widening the 
separation between the pilot’s feet, the 50th percentile American male’s 42.5-inch 
standing waist-to-floor length was used as the length of the two legs and the 13.5” width 
of the waist as the top of a trapezoid forming the leg wing.  Using 36 inches from the 






outside edge of each foot as the length of the base of this trapezoid results in a chord of  
38.6 inches for the leg wing.  By using simple geometry, the area of the resulting  
trapezoid can be calculated as 1,216 sq. inches, which is the total surface area S of the leg 
wing.  The AR for this leg wing is 1.1.    
For the 50th percentile American male, a 6-inch wider stance would shorten the 
leg wing chord from 38.6 inches to 37 inches and increase the surface area 8% to 1279 
sq. inches.  A 6-inch wider stance would also increase the AR by 29% to a value of 1.4.  
Similar to beginner-level suits, intermediate-level wingsuit leg wings are delta wings with 
spanwise camber and anhedral.  Differences of intermediate-level leg wings include a 
wider foot stance, slightly decreasing total sweep, and extensions of the wing root 
attachment of the arm wings down the side of the leg that interfere with flow around the 
forward part of the leg/leading edges of the leg wing.   
 
Intermediate level wingsuit wing configurations.  The arm wing extensions 
effectively reduce the area of the leg delta wing exposed to the freestream airflow.  Small 
variations on these planforms are present in other intermediate designs.  The most 
prevalent variation is the increase in size of the root chord extensions of the arm wing 
trailing edge down the outside of the leg wing, as shown in Figures 18 and 21.  Usually 
the trailing edges of the arm wings are attached to the leading edge of the leg wing.  This 
creates an area of potential interference with the smooth, aerodynamic flow up and 









In Figure 22, a line was drawn through the planform at a position where this sort 
of interference would occur.  The area of interference is caused by the juxtaposition of 
the trailing edge of the arm wing and the leading edge of the leg wing.  A profile view of 
the intermediate-level wingsuit with the wing cross-sections highlighted where the 
longitudinal line from Figure 22 was located.  This cross-section depicted in Figure 23 
shows the shape of this area of aerodynamic interference.  The attachment of two airfoil  
 
Figure 20.  Profile view of generic intermediate wingsuit showing position of extended 
root chord trailing edge. 
Figure 21.  Longitudinal line through planform of intermediate level wingsuit at position 






surfaces in this manner would prevent the normal aerodynamic flow past the trailing edge 
of the arm wing and around the leading edge of the leg wing.  This interference is likely 
to induce disturbances in the airflow that prevent the normal pressure and velocity 
changes that produce lift.   
This configuration somewhat resembles a type of notched or stepped airfoil 
discovered by Kline and Fogleman (USA Patent No. 3,706,430, 1972).  Named Kline-
Fogleman (K-F) airfoils, these airfoils have a single or a series of spanwise steps or 
notches (Cox, Avakian, & Huynh, 2014).  These notches are believed to create a vortex 
or series of vortices that keep the airflow attached over a wide range of angles of attack 
(AOA).  Figure 25 shows a diagram of a K-F airfoil with a trapped vortex.  It is possible 
that the notch created by the joining of the wingsuit airfoils, at certain AOAs and 
airspeeds, acts like a K-F airfoil, as shown in Figure 24.  Most studies on K-F airfoils 
Figure 22.  Profile diagram showing shape of interfering airfoil cross sections on an 






have been done at relatively low Reynolds numbers.  However, some numerical 
investigation that has been conducted at wingsuit-type Reynolds numbers indicates the 
possibility of K-F type airflow at normal wingsuit airspeeds (Boroomand & 
Hosseinverdi, 2009).  If K-F type flow is possible, it would likely happen only in very 
specific airspeed and AOA combinations.  
 
 
The relative sizes of the arm wing and the leg wing varies throughout the full 
range of wingsuit designs.  An aircraft with two wings of similar size attached to the 
fuselage in generally the same plane is said to have tandem wings (Kumar, Marshall, & 
De Remer, 2005).  Where these tandem wings are closely coupled, they are subject to a 
variety of significant aerodynamic effects.  These effects range from severe interference 
and loss of lift to significant improvements, as noted by Abdellatif and Gawad in their 
study of NACA 4412 and 4418 airfoils (2000) at low Reynolds numbers.  Rhodes and 
Selber (1984) studied the aerodynamic performance of closely coupled dual-wing 
Figure 23.  Upper illustration: simple diagram of an upper surface notched K-F airfoil 
with trapped vortex and freestream airflow.  Lower illustration, possible K-F flow in 






systems for business aircraft at Reynolds numbers of 4 x 106 and 6 x 106, which overlaps 
the range of wingsuit Reynolds numbers.  Performance of tandem/dual wing systems, 
where both wings use the same airfoils and have equal chords are critically dependent on 
three primary factors: stagger, the distance between the wings in the longitudinal plane; 
gap, the vertical separation between the wings; and decalage, the difference in incidence 
angles between the two wings.  These studies show reduced induced drag for aircraft with 
wings of similar size and with a large stagger compared to a single wing of the same area 
as the two wings.  Wingsuit designs do not have the large stagger necessary to take 
advantage of this effect.   
Another factor in wingsuits is the coupling of two very different wings, a tapered 
arm wing and a highly swept delta leg wing.  These two types of wings have very 
different characteristics.  Future research will investigate the conditions required to 
optimize flight with various arrangements of these two different wings.   
 
Expert Level Wingsuits   
Expert-level wingsuits are the largest, have the highest performance, and are the 
least stable of wingsuits.  They are typified by very large arm wings that are joined to the 
leg wings continuously along the leg wing leading edge to the feet of the pilot, making 
them one large, uninterrupted surface.  Expert wingsuits also have a leg wing extending 
beyond the pilot’s feet.  Some expert-level wingsuits have a wider stance.  A minimum of 
150 wingsuit jumps is recommended before pilots try to fly expert-level wingsuits 






Expert wingsuit planforms.  Expert-level wingsuits use the same construction 
techniques as beginner- and intermediate-level wingsuits with ram-air inflated wings and 
airfoil shapes.  The planforms of current designs of expert-level wingsuits are ultimately 
restrained by the shape of the human body.  The attempt to create as much surface area as 
possible in current wingsuits has driven all expert-level wingsuits to a low AR 
rectangular planform (Birdman International Ltd., 2013; Intrudair Kft., n.d.; Phoenix-Fly 
d.o.o., 2014; Squirrel, 2017a; TonySuits, 2017f). Expert-level wingsuits have larger, 
longer wingtip chords, and the wingtip is often canted outward to increase wingspan.  
Examples of three nominal, expert-level wingsuit planforms that represent the range of 
designs are shown in Figure 25.  To increase surface area, the leg wing is often extended 
behind the pilot’s feet in flight 6 inches or more.  A wider leg stance is also used in some 
suits, thus increasing the area and AR.  The generalized planforms in Figure 25 are all 
scaled to the 50th percentile American male.   
 
 
Figure 24.  Expert level wingsuit nominal planforms showing greatly expanded arm 





Expert wingsuit AR.  Calculating the AR of expert-level wingsuits presents a 
variety of problems.  Most expert-level wingsuits have stubby extensions of the arm 
wings with a stiffening rod in the wingtip chord.  Some of the wing tips are canted 
outward increasing the span beyond the arm length of the pilot and increasing AR.  The 
major differences between expert-level suits is leg wing span and extension and arm wing 
sweep.  Estimating the surface area of the leftmost expert level wingsuit fit to a 50th 
percentile male gives an approximate value of 23 ft2.  Using equation (2) to calculate AR 
for the wide stance wingsuit on the left in Figure 25, which cants the control sticks on the 
wing outward, gives an AR of 5.32/23 or approximately 1.1.  The center wingsuit in 
Figure 25 has significant sweep of the arm wing, shortening the span.  Using equation (2) 
again generates an AR of 4.672/22, giving slightly less than 1.  In current configurations, 
these large, single surface wingsuits are limited by the dimensions of the human body and 
generally assume the shape of a very low aspect ratio rectangle.   
 
Expert wingsuit wing configurations.  Figure 3 shows an expert-level wingsuit 
in flight, and it is readily seen that the connection of the trailing edge of the extension of 
the arm wing down the pilot’s leg to the ankle of the pilot has completely eliminated flow 
over the leading edge of the leg wing.  A profile diagram of an expert level wingsuit is 
shown in Figure 26.  The arm wing and the leg wing both have airfoil shapes, but when 
the trailing edge of the arm wing is connected to the leading edge of the leg wing (as 
shown in Figures 23 and 24), it complicates the aerodynamics, making the wingsuit one 
surface with no continuous airfoil shape.  The leg wing can no longer act as a separate 






The air may flow from the arm wing and over the area where the two wings attach 
(as shown in Figure 24) with K-F type flow (Karunakaran, 2013; USA Patent No. 
3,706,430, 1972), or it may completely separate into turbulent flow (Abdellatif & Gawad, 
2000; Scharpf & Mueller, 1989).  The airflow over the shoulder and down the center of 
the wing and the flow down the arm wings may combine and augment one another or 
interfere and reduce available lift.  Neither situation appears to have been studied for the 
case of wingsuit or flexible wing configurations.  The airflow may change significantly 
with airspeed, angle of attack (AOA), and the angular relationship between the wings due 
to the unusual shape of the upper surface, which is not like a conventional airfoil 
(Abdellatif & Gawad, 2000).  This is an area rife with opportunities for further research 
and great potential for wingsuit performance improvement.  It was noted that the leg and 
aft foot still protrude into the airflow in expert-level wingsuits.   
Currently most expert-level wingsuits are made with the lower surface of the suit 
as a single flat surface.  The purported reason is to reduce drag (Squirrel, 2017a; 
TonySuits, 2017f).  This construction feature makes the lower surfaces of any airfoil 






shape all on the same plane and ensures a tandem wing configuration with no stagger.  
The fact that these tandem wings are connected trailing edge to leading edge makes for 
an unusual configuration not seen on any other flying vehicle or creature.  Even flying 
squirrels, which have planforms and ARs similar to wingsuits have a smooth upper 
surface without the ridges of a wingsuit.  Similarly flying squirrels only develop glide 
ratios of 3 to1 or less (Bahlman, Swartz, Riskin, & Breuer, 2013; Stafford, Thorington, & 
Kawamichi, 2002).    
 
Wingsuit dimensions and Reynolds numbers.  Reynolds number is a 
dimensionless value that expresses the ratio of inertial forces and viscous forces in a fluid 
like air (Kumar, Marshall, & De Remer, 2005).  Viscosity is a measure of the cohesive or 
frictional fluid property often used to describe the behavior and flow of a fluid, in 
particular when a fluid moves by solid boundaries.   
Reynolds number determines the nature of the airflow over the wingsuit surface.  
A high Reynolds number means inertial forces dominate in the fluid, and the flow will be 
more turbulent; a low Reynolds number indicates that viscous forces dominate, and the 
flow will be more smooth and laminar.  Knowledge of viscosity is needed for proper 
design of airfoils, wings, and flow around aerodynamic bodies.  
Viscosity can be measured in two ways.  Dynamic (absolute) viscosity is a 
measure of the tangential force per unit area between any two arbitrary adjacent parcels 
of moving fluid with respect to the other.  It is a measure of how much the two parcels of 
air influence one another.  Kinematic viscosity is the ratio of the absolute viscosity of any 





the forces in the fluid (Munson, Young, & Okiishi, 1990).  For aviation applications, 
where temperature and altitude are constantly changing the air density values, kinematic 
viscosity is often used (Hurt, 1960).   
The pressure fields surrounding a wing, the high pressure and low pressure that 
create lift, drag, and the vortex characteristics of a wing, are a result of the friction, 
momentum exchange, and shear stress response of the fluid air.  Reynolds number is one 
of the most important factors used to describe or predict the characteristics of fluid flow.  









where V= velocity in feet per second, L = the characteristic length in feet, ν = kinematic 
viscosity in square feet per second, and Re = Reynolds number, a dimensionless 
coefficient. The characteristic length most often used when discussing Reynolds number, 
and aerodynamic lift is the chord of the airfoil.   
Figure 27 shows an intermediate-level wingsuit in full, steady-state forward 
flight; such photographs allow an inspection of the relative size and position of the  
various surfaces, the configuration and connection points of the aerodynamic surfaces, 
the surface smoothness on a large scale, and the position of the parachute container while 
in flight.  The area between the lower arm wing extension where it attaches to the side of 
the leg wing and the level to which the human body is imbedded in the wingsuit can also 





The position of hands and feet in the airflow are also important considerations in the 
analysis of wingsuit aerodynamics. 
  
 
Figure 28 uses a planform diagram of a nominal intermediate wingsuit fit to the 
50th percentile male to show areas where lift-producing airflow is possible and the 
characteristic lengths for the calculation of Reynolds number.  The literature asserts 
wingsuit airspeeds range from 60 knots (~30m/s) to 180 knots (~90 m/s)  
(Paralog, n.d.; Robson & D’Andrea, 2010).  Currently, speeds in competition events 
range from approximately 70 knots (~36 m/s) to 160 knots (~82 m/s) when the wingsuits 
are flying steady-state in the competition airspace (Paralog, n.d.).  Using the shortest 
characteristic length and lowest airspeed to determine the lowest Reynolds number, and 
Figure 26.  An intermediate level wingsuit in flight, note that this wingsuit does not 
have the parachute package to leg wing fairing (TonySuits, 2017e). Adapted from 
TonySuits, Acrobatics. In TonySuits, 2017d, Retrieved March 8, 2017, from 
http://www.tonysuits.com/images/product/T-Bird2.jpg.  Copyright 2017 by 






the longest characteristic length and highest airspeed for the highest Reynolds number, 
the range of Reynolds numbers applicable to wingsuits in flight can be calculated.  The 
 kinematic viscosity of air at a standard altitude of 5000 feet MSL is used as a nominal 
value.  This value is ν = 0.000178 ft.² /s.  
 
 
The resulting range of Reynolds numbers is from 500,000 to 5.7 x 106 for the full 
range of wingsuit flight.  The shortest characteristic length used was a chord of 12 inches; 
this part of the wingsuit operates in a range of Reynolds numbers from 500,000 to 1.5 
million through the full range of airspeeds.  The longest characteristic length for our 50th 
percentile male example of 5’10” from head to toe would operate in a range of Reynolds 
Figure 27.  Planform of an intermediate level wingsuit showing areas of potential lift 







numbers from 2.8 million to 5.7 million.  Any meaningful analysis of wingsuit 
aerodynamics will have to take the range of Reynolds numbers into account.  
 
The use of airfoils in wingsuits.  There is little in the literature about the process 
for selection of airfoils for use in wingsuit design.  Because current wingsuit designs are 
custom fit to the pilot’s body, the chord, thickness, and airfoil cross section of wingsuit 
wings are entirely variable.  Consultation with wingsuit manufacturers indicates that 
selection of airfoils is an inexact process; many are selected by trial and error (Higgins, 
2015; Tony Uragallo, personal communication, August 15, 2014).  Current wingsuit 
designs essentially encase the human body in a large ram-air inflated, fabric-clad wing 
with airfoil cross-sections.  Individual measurements are taken and the patterns of the 
many pieces of cloth that comprize a wingsuit are then modified by computer-aided 
design (CAD) clothing pattern making software to fit the individual pilot’s dimensions.  
A survey of photographs of wingsuits in steady flight was used to determine the 
shape of a range of wingsuit airfoils.  The outline of the wing cross sections or airfoil 
shapes was traced on the photos; from these tracings, the chord, maximum thickness, and 
camber of the airfoils were estimated.  An example of this process is depicted in Figure 
29.  This exercise resulted in a variety of airfoil shapes that had common shape 
characteristics.  All the airfoils were relatively thick, with maximum thickness to chord 
values from 15% to 26% chord.  Additionally, all the airfoils had relatively large 
diameter leading edges, many had positive camber in the lower surface, and all were 
clearly cambered airfoils.  Maximum camber occurred at approximately 32% to 44% of 






Airfoils with characteristics similar to those of the measured wingsuits were 
examined and superimposed on the 50th percentile body profile in a flight position (as in 
Figure 30).  The airfoil shapes were matched to the 50th percentile male body profile by 
using the body shapes as limits and noting, where the airfoil intersected with the body.   
From this information, candidate airfoil shapes similar to those of wingsuits in flight were 
generated and compared to known airfoils.  This exercise resulted in a variety of airfoils 
that could be examined for preferable aerodynamic characteristics.  The NACA 4418 
airfoil was selected from this analysis in part for its match with the previously mentioned  
Figure 28.  One technique employed to estimate the airfoil shapes used in current 
wingsuit designs.  Note that in the top picture (TonySuits, 2017d) the pilot has his head 
up to look at the camera, the normal flight position would be head down as in the bottom 
picture (TonySuits, 2010a). Adapted from TonySuits, Acrobatics. In TonySuits, 2017e, 
Retrieved May 1, 2016, from http://www.tonysuits.com/images/product/s-bird-2.jpg. 
Copyright 2017 by TonySuits. Adapted with permission. In TonySuits, 2010a, Retrieved 
May 1, 2016, from http://www.tonywingsuits.com/rebel.html. Copyright 2010 by 








characteristics and its fit on the 50th percentile male body, as used in the various analyses 
in this study and shown in Figure 30.   
 
Airfoil selection in aircraft design.  Current best practices in aeronautical 
engineering use a well-defined and proven progression to develop an aircraft wing.  The 
mission of the aircraft determines its required speed and lift capacity.  Sadraey (2012) 
lists 18 detailed design parameters of the wing to be determined for any new aircraft 
development.  After the planform area is determined, the number of wings as well as the 
horizontal and vertical position of the wings are chosen.  The next most important 
characteristic is the cross-section of the wing, or airfoil.  Airfoil aerodynamic 
characteristics like lift or drag are a direct function of an airfoil shape at any airspeed and 
AOA (Anderson, 2005).   
Airfoil selection is a critical part of overall aircraft design; it is a complex process 
for any aircraft.  Besides overall requirements like structural, manufacturing, and cost 
factors, Sadraey (2012) notes the variety of factors to be considered include:  
Figure 29.  Example of NACA 4418 airfoils superimposed on 50th percentile male body 
with parachute container, in flight position.  Dotted line shows positively cambered lower 
surface common in wingsuit applications. 





1. Maximum lift coefficient (CLmax) 
2. Ideal or design lift coefficient (CLd)  
3. Minimum drag coefficient (CDmin) 
4. Lift-to-drag ratio (CL/CD) 
5. Lift curve slope (CLα) 
6. Pitching moment coefficient (CM) 
7. Proper stall quality  
8. Structurally compatible  
9. The cross section is manufacturable  
Seldom is one airfoil found that fulfills all requirements; the importance of each 
requirement is determined, and trade-offs are usually made.  Selection of preexisting 
airfoils is often made from knowledge of their performance in other aircraft and 
applications with similar requirements.  For instance, most aircraft have an airfoil 
maximum thickness-to-chord ratio of approximately 6% to 18% (Sadraey, 2012).   
 
The Aerodynamics of Gliding Flight as Applied to Wingsuits 
Flight for heavier-than-air aircraft is defined by the primary opposed forces acting 
on the aircraft: lift and weight as well as thrust and drag.  Any body passing through the 
air produces an aerodynamic force.  This force is called the total aerodynamic force or the 
resultant aerodynamic force.  This study will conform to Anderson’s (2005) use of the 
resultant force (R) for this value.  The aerodynamic force can be decomposed into the 
force of lift (L), generated perpendicular to the direction of travel or the relative wind; 





parallel to the relative wind.  Weight (W) is the acceleration of the mass of the aircraft 
(m) by the force of gravity (g), thus W = mg.   
For the purposes of this preliminary analysis, lift and drag, which are developed 
separately by the arm wings and leg wings, are simplified as a single force acting through 
the center of gravity.  The balance of the forces generated by the various parts of the 
wingsuit is important to both glide performance and stability; however, these factors are 
topics for future study and will not be addressed here.  Other important factors in the 
study of wingsuit flight would be the angle between the horizontal plane and the direction 
of flight, the glide angle (θ), the AOA (α), the flight path velocity (V), the vertical 




Robson and D’Andrea (2010) derived the equations for wingsuit flight based on 
Tucker’s (1987) previous work on gliding birds, and they modified these equations as 
Figure 30.  Diagram of the force vectors and velocities generated by a wingsuit 






required to accommodate the large glide angles of wingsuits as compared to the relatively 
small glide angles of birds.  Interestingly, work by Bahlman et al. (2013) on the glide 
performance of flying squirrels developed similar equations for equilibrium glides, where 
the horizontal and vertical velocities are constant with no acceleration.  The equations 
developed by Bahlman et al. had to take into account the low glide ratios of the flying 
squirrels and are essentially identical to those developed by Robson and D’Andrea.   
Gliding flight is defined by considering the forces of lift (L) and drag (D), weight 
(measured in mg), and the resulting angles, accelerations, and velocities.  In gliding 
flight, thrust is provided by the component of W tangential to the direction of flight.  If 
only longitudinal and unaccelerated flight is considered, thrust can be determined.  From 
Anderson (2005), for any given glide angle (θ), the forces along the flight path are: 
  
 𝐷 = 𝑊𝑠𝑖𝑛𝜃 (6) 
 
and the forces perpendicular to the flight path: 
 
 𝐿 = 𝑊𝑐𝑜𝑠𝜃 (7) 
 
Which then allows us to calculate the equilibrium glide angle by dividing equation 1 by 
























(L/D)max is the condition that produces the longest glide, the highest glide ratio, and the 
shallowest glide angle.  Bahlman et al. (2013) uses: 
    
 






which gives the glide angle, θ, from the horizontal plane to the velocity vector (V), where 
Vz is vertical velocity and Vx is horizontal velocity, as shown in Figure 31.  Figure 31 is 
somewhat simplified and a more complete diagram is shown in Appendix D. 
Robson and D’Andrea (2010) and Bahlman et al. (2013) both used measured 
performance factors to derive the coefficients of the wingsuits and flying squirrels they 
were studying.  Robson and D’Andrea found from in-flight measurements that their 83 kg 
(183 lb.) pilot, flying the Vampire 3 wingsuit at optimum body position, could achieve a 
2.5:1 glide ratio at 50 m/s (90 knots) airspeed.  The Vampire 3 wingsuit is a 2008 model 
wingsuit.  However, it should be noted that wingsuit designs have improved somewhat 
since then, and the gliding performance of current wingsuit designs flown by expert pilots 
have improved.  Data about current high-performance wingsuits are available through 
Paralog (n.d.), and from these data derivations about current wingsuit designs, similar to 





Using the data collected by Paralog (n.d.) from the example shown in Figure 9, 
and assuming the pilot was close to our 50th percentile male pilot at 181.3 lbs weight plus 
20 lbs of equipment gives W = 201.3 lbs or 6.25 slugs mass, along with the planform 
areas previously calculated for the left wingsuit in Figure 25; from this, basic equations 
can be used to derive more information about wingsuit characteristics.  Figure 9 shows 
that the pilot maintained a generally steady-state glide for a period of time with a Vz of 
approximately 50 km/hr and a Vx of approximately 250 km/hr.  This results in a θ = 
arctan (50/250) = 11.3°.  Using Equation 7, L = (201.3 lbf)(cos 11.3) = 197.4 lbf.  Using 
Equation 6, D = (201.3 lbf)(sin 11.3) = 39.4 lbf.   









where CL is the coefficient of lift – a non-dimensional coefficient, ρ is air density 
in slugs/ft3 or kg/m3, V is the flight velocity in ft/sec, or m/sec, and S is the planform area 
of the wing in ft2 or m2.  Equation 10 can be solved for CL using ρ at 7000 ft msl altitude 
– roughly the center of the competition airspace with a sea level landing, an S of 23 from 
the expert-level wingsuit on the left of Figure 25, and V = 254 km/hr = 231.5 ft/s from 





































 Drag has two primary components: induced drag and parasite drag.  Induced drag 
is drag caused by the downwind tilt of the resultant aerodynamic force of a lifting body.  
Induced drag CDi, is properly called “drag due to lift” (Anderson, 2005, p. 399) and 
includes both the drag caused by the downwind tilt of the resultant aerodynamic force 
vector and the relatively small contribution to parasite drag of the change in AOA from a 
zero-lift position.  Induced drag is small at small angles of attack and increases with an 
increase in AOA, induced drag is an inverse function of airspeed.  Since induced drag can 




2 is divided by pi (π), the aspect ratio (AR), and the factor ℯ known as the 
Oswald efficiency factor, the equation can be solved for ℯ.  The Oswald efficiency factor 












reference to an ideal elliptical wing with an elliptical lift distribution and the same aspect 
ratio as the wing under consideration.  The ideal wing would have an ℯ of 1; most aircraft 
have an ℯ less than one.  It is usually derived empirically by aerodynamicists for 
individual aircraft (Anderson, 2005; Niţă & Scholz, 2012).  
Parasite drag (CD,0), also called zero-lift drag, is the combination of all other 
forms of drag not related to lift.  This includes profile drag, friction drag, pressure drag, 
leakage drag, momentum exchange, etc.  Parasite drag is zero at zero airspeed and 
increases parabolically with airspeed.  The equation that defines the CD of an aircraft in 
terms of induced drag and parasite drag is: 
 
 







For our 50th percentile pilot flying an expert level wingsuit in a world record 
flight, it can be assumed that his flight occurred at or near (L/D)max.  The condition of 
(L/D)max occurs at a well-defined and very specific aerodynamic condition where induced 
drag and parasite drag are equal and total drag is at its minimum as shown in Figure 32.  
This is the point/condition of maximum glide distance for any given altitude (Anderson, 
























From equation 18 can be derived an estimate of the wingsuit ℯ.  Solving the equation for 
ℯ by inserting the empirical data taken from the paralog flight recordings and our 
assumptions, results in equation 19:  
 
Figure 31.  The relationship between induced drag and parasite drag showing the 
point of (L/D)max.  At this point both components of total drag are equal and total drag 

















Few aircraft have an ℯ below 0.6.  The Boeing 737-800 ℯ is listed at 0.66, the 
Douglas DC-3 is at 0.75, the McDonnel Phantom is at 0.7, the Cessna 150 is at 0.77, the 
C-17 Globe maser is 0.87, the F-22 Raptor is 0.82, and the venerable J-3 Cub is at 0.75 
(Niţă & Scholz, 2012).  While the estimation here is uncertain and very likely optimistic, 
it certainly reinforces the concept that wingsuits at best are not very efficient aircraft.    
Robson and D’Andrea, (2010) analyzed a Vampire 3, expert-level, high-
performance wingsuit and documented performance of less than a 3:1 equilibrium state 
glide ratio at speeds of 90 to 100 knots.  Our example is two generations of wingsuit 
technology or more later, and the best glide ratio appears to occur around 135 knots or 
254 km/hr.  The contest results do not consider the effect of winds aloft; this is certainly a 
possibility for the current data.  This would reduce the real performance of the current 
designs compared to the record flight.  Robson and D’Andrea also state small changes in 
airspeed or maneuvers like turns cause large increases in rate and angle of descent (p. 9).  
Practical experience by expert wingsuit pilots confirms that maneuvering while flying a 
wingsuit causes a rapid loss of altitude and glide ratio (Sampiero, 2014) and that wingsuit 
aerodynamic performance is very poor relative to most other aircraft.  
Simple geometry shows the angle of attack (AOA) of a wingsuit at a 3:1 glide 
ratio is around 18°, assuming a relatively level body position.  This roughly matches 
Robson and D’Andrea’s calculation of AOA of 0.28 radians, or 16°, which they 





These are very high AOA angles and are likely close to or past the point of aerodynamic 
stall of the wingsuit lifting surfaces.  If the wingsuit were continually flying at or near an 
aerodynamic stall condition, this would partially explain the lack of loading in 
maneuvers, the substantial loss of altitude during turns, and the general poor performance 
because the largest portion of lift being generated would be merely the upward 
component of drag.   
Figure 33 shows a generic representation of the aerodynamic characteristics of a 
wing or aircraft that can be compared to the values so far developed for wingsuits.  
Things to note about most aircraft is that (L/D)max occurs at relatively low AOA, in this 
case about 6° vs 16° or greater for the wingsuit.  CLmax occurs at high AOA, in the 
generic case at 20° AOA, and is unknown for the wingsuit case at this time, but the  
 





results of this experiment show it can vary widely from significantly lower than 16° to 
22° on our baseline airfoil that stalls at 22°.  CL at the generic (L/D)max is about 0.5 with a 
significantly lower 0.17 calculated for the wingsuit.  CD is about 0.036 for the generic 
case and about 0.033 for the wingsuit.  The drag value at first glance appears similar to a 
normal aircraft, but with the very low lift being generated by the wingsuit, the induced 
drag would also be small, so the parasite drag must be atypically high.  The total drag  
coefficient would be much higher if the wingsuit were producing more lift and more 
induced drag.  The similar drag coefficient compared to the generic aircraft occurring at 
much lower lift implies that the parasite drag of the wingsuit is atypically high.  This also 
supports the previous determination of the Oswald efficiency value.  Overall, this 
analysis supports the intuitive conclusion that wingsuits are very inefficient aircraft.  
 
Applying Aircraft Design Principals to Wingsuit Design 
There are many factors affecting the performance of current wingsuit designs.  If 
the goal is significantly improving wingsuit glide performance, there are certainly a wide 
variety of issues and factors to examine.  These issues will certainly include wing 
placement, AR, airfoil selection, ram-air inflation, surface qualities, and even flight 
techniques.  All are candidates for significant improvement.  Application of the proven 
engineering processes for aircraft development involves conceptual, preliminary, and 
detailed final design phases.  While somewhat simplified compared to design of a 
powered aircraft, it is believed that an adherence to this process (Sadraey, 2012) will 





Conceptual design.  Conceptual design involves defining the aircraft mission and 
the requirements imposed by the mission.  After determining the requirements, a 
synthesis of possible aircraft configurations compatible with the mission are developed.  
Requirements provide empirical data, constraints, and objectives for the design process.  
The outcomes of the conceptual phase for an ordinary aircraft would be an aircraft design 
concept that defines the size and configuration of main features like the wing, fuselage, 
empennage, and control surfaces.  Typically, the conceptual design produces the key 
equations defining the weight and range of the aircraft.  Wingsuit design does not yet 
have to deal with propulsion and fuel, but all the aerodynamic considerations for weight, 
wing loading, and range apply.  Once the conceptual design process shows the feasibility 
of the mission and the synthesized designs, the process proceeds to preliminary design.  
An interesting facet of wingsuit design is the need for customization of the wingsuit to 
the individual pilot’s body shape, size, and weight.  The ability to give the prospective 
pilot a reasonable idea of the performance available resulting from the design 
modifications necessary for an individual fit would be an important customer benefit.  
 
Preliminary design.  This phase includes in-depth study of the various 
engineering disciplines’ application to the proposed designs.  This includes 
aerodynamics, propulsion, controls, loading, stability, materials, and structural analyses.  
Detailed performance assessments are made and various trade-offs explored to optimize 
the design.  Analysis for solutions to foreseeable emergency or out-of-limits conditions is 
included with optimization for normal in-service conditions as a part of preliminary 






Final design.  The final design phase defines the structure, subsystems, materials, 
and other factors in complete detail.  Detailed manufacturing drawings specifying the 
aircraft components, structure, and assembly are completed.  Design variables include: 
materials, interfaces, fabrication, sizing, and assembly parameters that enable 
manufacture of the aircraft. 
The systems engineering approach to this process proceeds in logical phases with 
continuous iteration examining the effect of each decision on the system.  The cumulative 
effects are evaluated as the program develops, and design features, technologies, and 
applications are either adopted or eliminated.  Documentation and design reviews provide 
assurance that the design continues to conform to the mission requirements as the system 
evolves toward completion (Sadraey, 2012). 
 
Mission Requirements for Sport Wingsuit Design 
The mission, for the purposes of this study, was development of a sport wingsuit 
with significantly improved glide.  Exploring the full range of wingsuit applications 
would ultimately be the goal of further research.  For the purposes of this study, the 
primary mission requirement was restricted to the mission of flying the greatest distance 
possible from any launch altitude with a single-piloted, wearable aircraft.  While there are 
numerous military applications for this technology, many of those applications would be 
best served by high-technology solutions involving mechanical exo- or endo- skeletal 
support and complex control and human interface technologies; these types of systems 





ordinarily used skydiving aircraft, this study will also eliminate rigid wing systems.  The 
final goal of this study would be a primarily human supported and controlled flight 
system, with the main structural support being the human body, requiring a level of 
physical and athletic effort for flight that allows a distinction in skill and expertise in 
flight that is not purely a function of the technology involved but mostly a function of 
individual proficiency and athleticism.  The aerodynamic optimization of such a wearable 
system is the focus of this effort.  
 
Functional requirements for sport wingsuit design.  The sport wingsuit design 
of this case is to be designed for improved glide over current designs – a goal would be a 
readily attainable steady state glide in excess of 6:1 glide ratio, doubling current normal 
performance.  The design should be controllable and generally stable, requiring no more 
experience and training for safe flight than current wingsuit designs.  Current designs 
require new pilots to have made 200 conventional skydives before wingsuit training.  
Wingsuit first flight training is 2-4 hours of ground training and a coached first flight, 
usually with video.  Most wingsuit schools have a syllabus including several training 
flights with an accompanying coach and video debrief where basic maneuvers are learned 
and practiced.  While there are many variables, most people require around 30, 2- to 3-
minute wingsuit flights to become familiar with basic wingsuit operations (Flyteskool.ws, 
2016).  
Many human factors considerations will be driving factors in any sport wingsuit 
design.  The sport skydiver must be able to doff and don the wingsuit in a reasonable 





reasonable distance without more than moderate discomfort, up to 100 yards, while 
wearing the wingsuit, to any of the commonly used skydiving aircraft.  While wearing the 
wingsuit, the wingsuit pilot must be able to board the aircraft, if necessary using a 
boarding stairway or ladder. The wingsuit pilot must be able to safely secure themselves 
with a common aircraft seatbelt in normal skydiving seating.  The skydiver must be able 
to adequately maneuver within the aircraft to prepare for exit from the aircraft, either 
singly or in groups, then safely exit the aircraft in flight.  Finally, at the end of the 
wingsuit flight, the skydiver must be able to safely actuate, operate, and land a common 
skydiving parachute system and execute all emergency procedures as needed.  The 
wingsuit system, when properly operated, shall not interfere with any of the normal 
parachute system functions or interfere with normal emergency procedures.  These are 
basic, sport skydiving, wingsuit requirements (Campos, 2005; Gerdes, 2014; Salvendy, 
2012).  Compatibility with normally used skydiving aircraft with in-flight opening doors 
such as the Cessna 185, the Cessna 208 Caravan, the de Havilland Canada DHC-
6 Twin Otter, the Short SC-7 Skyvan aircraft, among others, are considered integral to 
the wingsuit design problem (G., 2015).  These requirements dictate a flexible, 
lightweight, easily wearable suit that does not present the maneuvering and logistical 
problems of a rigid wing, such as that used by Yves Rossy, also known as the Jetman 
(Darling, 2013).  This does not preclude portions of the wingsuit from being more rigid 
than current all-fabric designs; some level of comfort moving to and inside the aircraft 
may be compromised.  In flight and after parachute opening, comfort and ease of use are 
paramount.  The final suit design must be compatible with these human factors 





transportable suit that can be safely launched from a variety of precipices; however, 
considerations for BASE jumping are not primary factors for this study (Gerdes, 2014).   
 
Sport Skydiving Wingsuit Safety.  Statistics show a steady trend of decreasing 
fatalities and injuries in the sport of skydiving over the decades since record keeping 
began in the 1960s, despite large increases in the number of participants and number of 
jumps (USPA, 2017).  Wingsuit skydiving from aircraft, rather than BASE wingsuit 
flying, is generally acknowledged by the sport to be more dangerous than conventional 
skydiving due to the complexity of wingsuit flight and equipment.  Wingsuit design has 
generally not been conducted in a scientific manner but through a trial-and-error basis 
(Higgins, 2015), without rigorous application of fundamental aerodynamic and 
engineering principles.  Due to a general lack of information about wingsuit 
aerodynamics, wingsuit flight may be more dangerous in a way that is indiscernible and 
incomprehensible to the average wingsuit enthusiast.   
 
Wingsuit BASE safety.  Wingsuit BASE has a catastrophic record among the 
most experienced and talented pilots, persisting over a period of years despite high levels 
of preparation and training.  Mei-Dan, Monasterio, Carmont, and Westman, (2013) 
chronicle the trend of wingsuit BASE-related fatalities and the recent rapid rise in these 
numbers.  The study analyzed causal factors with the intention of “identifying incident 
and injury mechanisms, to form a basis for potential prevention measures and future 
safety recommendations” (p. 323).  Mei-Dan et al. note the increasing trend and attribute 





most fatalities occur when the jumper impacts the terrain due to “flight path 
miscalculation” (p. 327) which explains little.  This study investigates one of the possible 
origins for the alarming events reported in the popular media in the last few years where 
the elite stars of wingsuit BASE have died in distressing numbers.  
Geoffrey Robson, much cited in this document, was a Ph.D. candidate studying 
wingsuit performance and stability for his dissertation.  His study was a stability and 
control analysis of the addition of leg-mounted jet engine thrust to wingsuit flight 
(Robson & D’Andrea, 2010).  His findings clearly indicate the lack of performance and 
the limited flight envelope of expert-level wingsuits.  Robson died not long after finishing 
his dissertation when he failed to clear a ridge while flying his wingsuit on a route he had 
previously flown.  Knowledgeable wingsuit pilots said, “If he were two metres (sic) 
higher, he would have survived” (Jones, 2010, p. 1).  His Ph.D. was presented 
posthumously.  Robson was said to be the only person in the world who combined the 
scientific capacity for this kind of research with the ability to test it personally in the air 
(2010). 
The recent regularity of individual wingsuit disasters among the elite of this elite 
sport has developed a macabre following in the popular media, producing breathless 
articles like Chalmers’ The Exhilarating Deathwish of the Proximity Flyer (2014), which 
catalogs a recent spate of wingsuit fatalities.  Found in these articles is a common thread 
– these are the very best in their sport, and they are not dying while pioneering new and 
even more dangerous activities, they are dying on jumps that should have been routine 
(Young & Knight, 2014).  Fimrite’s article (2014) about Sean Leary states, “Sean was … 





words, “There are definitely risks we are taking, but we are trying to be safety-
conscious.” Leary said, “No one wants to die doing it” (p. 1). 
Most recently, mountain climbing and wingsuit icon Dean Potter, with another 
highly skilled climber and wingsuit pilot Graham Hunt, died in Yosemite Park.  Bender 
and Smith (2015) report: 
Their bodies were found in a notch they had already flown through about a dozen 
times, professional climber Alex Honnold said.  No one knows exactly what went 
wrong.  A gust of wind or a slight miscalculation could have sent them off course, 
hurtling into rock.  "What they were doing is pretty routine" for them, Honnold 
said. "Not like a once-in-a-lifetime performance.” (4-5)   
A prophetic confirmation of the need for information critical to this sport was 
expressed by the 43-year-old Potter after the death of his friend Leary, nearly a year prior 
to his own.  Mai-Duc, Branson-Potts, and Mejia (2015) report Potter wrote in his blog:  
“Though my body is warm inside the nylon suit I start to shiver and wonder if 
what we’re doing is right,” Potter wrote in the blog.  “Wingsuit BASE jumping 
feels safe to me but 25 wingsuit-fliers have lost their lives, this year alone.  There 
must be some flaw in our system, a lethal secret beyond my comprehension.” (20) 
The evidence indicates there are indeed hidden flaws in wingsuit design.  Flaws 
that chaotically and unexpectedly cause the best in the sport to encounter irrecoverable 
conditions, even when flying under known and relatively benign circumstances.  These 
elite flyers become used to flying at the edge of their flight envelope where any 
unexpected perturbation of their flight at the wrong moment could have disastrous 





The lack of knowledge of basic aerodynamics as applied to wingsuit construction 
and configuration contributes to the undetermined nature of the causes of these accidents.  
It is hypothesized that the material from which a wingsuit is made and the current design 
of wingsuits create such a restricted and unforgiving flight envelope that departing from 
that envelope and controlled flight is dangerously easy, and performance is treacherously 
variable with small perturbations in either the flight environment or pilot technique.  This 
study is one of the first steps in producing a better performing and safer next generation 
wingsuit.   
 
Rationale for Materials Analysis 
The previous overview of wingsuit design, construction, and aerodynamics 
indicates that current wingsuit designs, even at their very best, are very inefficient 
aircraft.  The opportunities for improvement are numerous, and there are many areas to 
be explored to improve wingsuit performance.  Narrowing the desired performance down 
to maximum glide ratio does little to reduce the size and scope of the problem.  In 
examining the potential areas of study for wingsuit improvement from wing shape, wing 
size, wing placement, lift enhancement, drag reduction, airfoil selection, or design 
integration, the common factor in addressing these problems becomes, “If a better 
wingsuit is to be designed, of what material should the new design wingsuit be made?” 
Whatever design or design feature is explored, it will be affected by the aerodynamics of 
the exterior materials/substances used for the wingsuit’s construction.   
While there is extensive and significant literature specifically concerning the 





speed sports events, virtually all the literature is concerned with aerodynamic drag 
(Brownlie, 1992; Chowdhury, 2012; Chowdhury & Alam, 2014).  Those studies that 
address lift, especially of textile and woven fabric covered lifting surfaces, are primarily 
for parachutes, parafoils, wind surfers, sailboats and hang-gliders (Daley, 2005; Dees, 
2010; Fallow, 1996; Ghoreyshi, et al., 2014; Kroo I. M., 1983; Lingard, 1986).  These 
aircraft operate at significantly lower air speeds and Reynolds numbers than wingsuits.  
Hang-gliders at their highest speeds operate at Reynolds numbers similar to wingsuits 
between 3.0 x 106 to 6.0 x106 due to their relatively large wing size but at significantly 
lower airspeeds and dynamic pressures.  Current wingsuit designs use a variety of woven 
fabrics.  Recently experimentation had been conducted with plastic films.  The effect of 
woven fabrics on aerodynamic lift, as generated by an airfoil at wingsuit speeds and 
Reynolds numbers, is largely unknown.   
It is also well documented that wings “contaminated” with surface roughness, like 
frost or smashed bug debris, are significantly affected by loss of lift and increases in drag 
(Bragg, Heinrich, Valarezo, & McGhee, 1994; Kind & Lawrysyn, 1992; Li, Li, Yang, & 
Wang, 2010; Ljungström, 1972).  Because of the need for basic information concerning 
the effect of the materials used in the construction of wingsuits, this study will investigate 
the effect on the aerodynamic lift and drag of a wing of known performance covered with 
currently used wingsuit materials.   
 
Significance of the Study 
There is a lack of useful information in the literature concerning the effect of 





industry professionals well founded empirical information for development of new 
wingsuit designs for improved performance.  The effect of currently used surface 
materials on aerodynamic performance is suspected to be significant and undesirable.  
This study will provide an understanding of the effects of wingsuit construction materials 
and techniques on aerodynamic performance.  Design improvements enabled by the 
information from this study will provide greater margins of safety for wingsuit pilots at 
all levels of performance.  This study will be the basis for follow-on research by the 
author to develop a next generation wingsuit design that will provide glide performance 
significantly better than current designs.   
 
Statement of the Problem 
Wingsuit aerodynamic glide performance is extremely poor resulting in maximum 
glide angles of 3:1 or less (Paralog, n.d.; Robson & D’Andrea, 2010), and performance is 
largely dependent on pilot skill and experience (Gerdes, 2014).  Wingsuit fatalities, 
particularly those of wingsuit BASE, are unacceptably high.  Current wingsuit flight 
performance is extremely limited, and performance is unpredictable (Ellioth & Winther, 
2013a) with unstable control anomalies (Kolla, 2015; Nyberg, 2012).  Wingsuits.   
experience chaotic changes in critical wingsuit flight surfaces. This phenomenon can be 
seen in numerous online videos made by wingsuit pilots, as documented by the Ellioth & 
Winther (2013b) video from time 8:44 to 9:17.   
Current wingsuit design depends disproportionately upon trial and error methods 
for design advancement (Higgins, 2015).  Finding the unknown factors and defining the 





of aerodynamic and systems engineering principles to wingsuit design holds the promise 
of improved performance and safety (Raymer, 2012; Sadraey, 2012).  This study is one 
of the first steps in the aeronautical engineering process, helping to answer the question: 
“If one is to build a better wingsuit, of what should that wingsuit be made?”   
The purpose of this study was to provide critical aerodynamic data on the effect 
that current construction materials and morphologies have on wingsuit performance.  
Specifically, this study sought answers to the following questions: 
1. What are the effects of the currently used textiles on lift and drag of a wing with an 
airfoil cross section aspect ratio similar to current wingsuit designs? 
2. What are the effects of the currently used wingsuit morphologies on lift and drag of a 
wing with an airfoil cross section aspect ratio similar to current wingsuit designs? 
3. What is the effect of these materials on aerodynamic efficiency as derived from L/D? 
4. What are the relative performances of the tested materials? 
5. What are the characteristics of the various materials that affect aerodynamic 
efficiency? 
6. Which materials, if any, are preferable for development of a next generation 
wingsuit? 
Application of well-established aircraft design protocol and rigorous engineering 
principles to wingsuit design should expose the sources of poor aerodynamic 
performance and offer alternate designs that provide better performance, more 
predictable control, and safer flight (Kroo, Altus, Braun, Gage, & Sobieski, 1994; 





on research in the selection of appropriate materials and construction methods that would 
significantly improve performance of the next generation wingsuit.  
 
Purpose Statement 
The purpose of this quantitative, empirical, research study was to determine 
through experimental testing in a wind tunnel the effect the materials and construction 
features currently used in wingsuit designs have on the aerodynamic efficiency of a wing, 
as measured through lift and drag.  This was done through the fabrication of a baseline 
wing with an aspect ratio and airfoil cross section similar to current wingsuit designs, and 
by testing the aerodynamic lift and drag of that wing through a range of airspeeds and 
angles of attack similar to those used by wingsuits.  The wing was then covered with the 
various textiles used for wingsuit construction and the lift and drag again measured and 
then compared to the baseline wing performance.  
While there is ample information in the literature about sports garment design 
with respect to the aerodynamic effects of materials and fabric construction on 
performance, the existing information is almost exclusively concerned with drag and drag 
reduction (Brownlie, 1992; Chowdhury, 2012; Chowdhury & Alam, 2014; Chowdhury, 
Alam, & Subic, 2010; Chowdhury, et al., 2009).  When lift is mentioned, it is usually 
only an upward component of aerodynamic drag (Chowdhury, Alam, & Mainwaring, 
2011; Moria, Cowdhury, & Alam, 2011) and not the sort of lift caused by a wing with an 
airfoil cross section.   
There is extensive previous work showing the effects of surface roughness on 





heavily contaminated with ice or debris (Li, Li, Yang, & Wang, 2010; Kind & Lawrysyn, 
1992; Liu & Qin, 2015; Ljungström, 1972; Timmer & Schaffarczyk, 2004; Zhang, 
Igarashi, & Hu, 2011).  Previous literature concerning the aerodynamics of fabric and 
membrane wings focuses heavily upon parachutes (Ghoreyshi, et al., 2014; Lingard, 
1986; Ware & Hassell, 1986), paragliders (Belloc, 2015; Rogallo, Lowry, Croom, & 
Taylor, 1960; Uddin & Mashud, 2010), or hang gliders (Dees, 2003; Kroo I. M., 1983; 
Kroo, Altus, Braun, Gage, & Sobieski, 1994; Zhidong, 2012) which operate at 
significantly lower airspeeds and Reynolds numbers than wingsuits.  There is little in the 
literature about the effect of fabric and the surface physics of the materials used in 
wingsuit construction on the aerodynamic behavior of a lift producing airfoil wing, 
particularly at the speeds and Reynolds numbers of wingsuit flight.  This study begins to 
fill that gap in the literature.  
This study identifies the effect of current materials and morphologies used in 
wingsuit design on the aerodynamic properties of a wing.  Identifying materials and 
morphologies that adversely affect aerodynamics allows selection of alternative materials 
and morphologies to improve performance.  The morphology of a wingsuit is the physical 
relationship and position of the various materials including the textiles themselves, 
zippers, seams, and other parts of the wingsuit.  Placement of seams on upper and lower 
surfaces, direction of seams, placement of zippers in relationship to the aerodynamic 
chord of the wings, stagnation points, and airflow all comprise the morphology of the 
wingsuit.  
Changes in performance were demonstrated by changes in lift coefficients, drag 





provides information critical to improving wingsuit performance and safety in follow-on 
research to produce better performing next generation wingsuit designs.  
 
Hypotheses 
The use of woven fabric with exposed fibers, yarns, and weave patterns on 
surfaces intended to produce aerodynamic lift is suspected to reduce lift generated by an 
airfoil with an effect similar to frost or other roughness or contamination.  Moderate frost 
on the upper surface of an airfoil has been shown to reduce lift 30% to 50% (Kind & 
Lawrysyn, 1992).  Accretion of small amounts of grit using 32 grit particles per square 
inch of leading edge surface, with .016-inch size, on the leading edge of airfoils has been 
shown to reduce lift coefficients 20% or more and increase drag coefficients 60%.  These 
studies were conducted at Reynolds numbers in the range of wingsuit flight and are 
believed to be directly relevant to this research (Li, Li, Yang, & Wang, 2010).   
 
Hypothesis #1.   The use of woven textured fabric and other textured materials 
for lifting surfaces has a significant effect on lift coefficient like frost or other 
contamination of the airfoil, greatly reducing lift.   
 
Hypothesis #2.  The use of alternative, aerodynamically smooth and hard fabrics 
and plastic sheet materials will provide increased lift if correctly applied to the 






Hypothesis #3.  Current placement of seams, zippers, and materials disturb 
airflow and reduce performance.   
 
Unique Contribution 
This research focused on measuring the lift and drag characteristics of the 
materials and designs currently used in wingsuits.  There is insufficient information 
concerning the effect of textiles on lift and drag generated by airfoil surfaces at the flight 
velocities and Reynolds numbers common to wingsuit flight.  Informed by the 
information collected, alternative materials and designs can be selected and tested 




1. To determine principal material and morphology factors affecting the 
aerodynamic performance and stability of wingsuit flight;  
2. To determine the interactions between the principal material and morphology 
factors affecting the aerodynamics of wingsuit flight; and 
3. To define the textile and construction material factors affecting the lift and drag 
properties of wingsuit designs.  
 
Objectives 
1. To measure the effects and magnitude of the effects of currently used materials 





2. To predict and verify the theoretical effective glide slope from above objective 
parameters;  
3. To determine the net effect of wingsuit construction materials on the lift and 
drag performance of airfoils;  
4. To determine the effects of combinations of materials and investigate 
interactions that will allow identification of improved combinations for wingsuit 
design; and 
5. To identify possible alternate materials to improve wingsuit aerodynamics. 
 
Scope and Delimitations 
This study first gathered data about the baseline test wing’s aerodynamic lift and 
drag.  It then compared the lift and drag of the baseline wing to that of the baseline wing 
covered with materials and morphologies of the materials as currently used in wingsuit 
designs.  This information is a basic prerequisite to the next step in follow-on research of 
redesigning wingsuit configurations for better performance and safety.    
This study used as a baseline the measured lift and drag performance of a single, 
rigid, smooth wing with an airfoil cross-section selected for its similarity to currently 
used wingsuit airfoils.  A wing was made using the NACA 4418 airfoil cross section, 
selected for its similarity to current wingsuit airfoils with a large diameter leading edge, 
positive camber, and thick airfoil shape. The NACA 4418 airfoil has well-documented 
performance and has been used extensively in aircraft including sailplanes and in wind 
turbines.  This airfoil was used in the construction of a rigid, rectangular test wing of two-





ratio of a medium-sized, intermediate-level, wingsuit arm wing at about 1/2 scale and 
would be a full-scale wing tip on an expert level wingsuit.  This size test wing allowed 
testing at Reynolds numbers from approximately 700,000 to 1.5 million, reducing scale 
effects and producing performance as much like real wingsuit surfaces as possible.  
Wingsuits operate in an overall Reynolds number range of 1 to 6 million.  The wing 
mounted in the center of the Embry-Riddle Aeronautical University (ERAU) closed-
circuit wing tunnel’s 32” x 45” test section allowed a meaningful comparative study of 
the aerodynamics of the airfoil in the various configurations tested.  This size test wing 
kept the experimental data in the approximate range of Reynolds numbers of wingsuit 
flight (Pettersson & Rizzi, 2008).  These approximations were considered acceptable 
trade-offs in providing a suitable lift and drag profile from which to measure the effects 
of the fabric coverings and various morphologies (Barlow, Rae, & Pope, 1999).   
The lift and drag created by the test wing was measured in the wind tunnel at 
angles-of-attack (AOA) from -2° to plus 30°.  The test wing lift and drag was measured at 
airspeed increments of 10 knots (5 m/s) from a speed of 60 knots to 140 knots (30 m/s to 
72 m/s) which eclipses most of the normal range of wingsuit flight speeds and exhausts 
the capability of the ERAU closed-circuit wind tunnel.  Construction of a unique 2-
component (lift and drag) robust balance was required to ensure safe and accurate 
measurement of the potentially large and unstable forces generated by the baseline wing 
and the wing with the test treatments (Sestak T. A., 2015).   
After lift and drag measurements of the baseline test wing were made, the same 
rigid wing was covered with the various fabric materials currently used in the 





study examined the effects of six fabrics currently used for wingsuit construction and two 
additional fabrics with surface characteristics similar to materials used in current wingsuit 
designs.  The fabrics tested were:  
1. Zero porosity 420 denier parapack fabric; coded 420 PP 
2. Zero porosity 210 denier parapack fabric; coded 210 PP 
3. Zero porosity 1.9 oz. ripstop nylon fabric; coded 1.9 RS 
4. 2 mm neoprene fabric with a smooth surface; coded S Neoprene 
5. 2 mm neoprene fabric with a textured surface; coded T Neoprene 
6. Laminated plastic mono-film with a pattern of embedded carbon fibers with the 
long axis of the pattern parallel to the wind; coded MLV 
7. Laminated plastic mono-film with a pattern of embedded carbon fibers with the 
long axis of the pattern perpendicular to the wind; coded MLX 
8. Vinyl-coated fabric with a smooth surface with randomly oriented small 
wrinkles; coded W Vinyl 
9. Vinyl-coated fabric with a smooth surface with a slightly bumpy texture: coded 
B Vinyl 
These materials or materials like them are currently used in wingsuit construction 
with a variety of morphologies.  The lift and drag of the airfoil with the top and bottom 
surfaces entirely covered with each of the selected fabrics was measured in the same way 
as the baseline test wing and the results were compared to the baseline test wing’s lift and 
drag performance.   
Morphologies modeling current wingsuit designs and various combinations of 





Lift and drag was measured similarly to the fabric measurements; these morphologies 
were: 
1. 210 denier parapack fabric-covered wing with leading edge covered with mono-
film laminate in downwind orientation to 20% chord; coded 210 PP MLE 
2. 210 denier parapack fabric-covered wing with leading edge covered with mono-
film laminate in downwind orientation to 20% chord with lower surface zipper 
at 10% chord; coded 210 PP MLE FZ 
3. 210 denier parapack fabric-covered wing with leading edge covered with mono-
film laminate in downwind orientation to 20% chord with lower surface zipper 
at 20% chord; coded 210 PP MLE AZ 
4. 210 denier parapack fabric-covered wing with leading edge covered with mono-
film laminate in downwind orientation to 20% chord with upper surface seam at 
20% chord; coded 210 PP MLE S 
5. 210 denier parapack fabric-covered wing with leading edge covered with mono-
film laminate in downwind orientation to 20% chord with lower surface zipper 
at 10% chord and upper surface seam at 20% chord; 210 PP MLE FZ S 
6. 210 denier parapack fabric-covered wing with smooth 2 mm neoprene leading 
edge to 20% chord; coded 210 PP SNLE 
7. 210 parapack fabric-covered wing with smooth 2 mm neoprene leading edge to 
20% chord and lower surface from 20% to 40% chord covered with mono-film 
laminate in crosswind orientation; coded 210 PP SNLE 40 
Lift and drag of each morphology was recorded within the same range of airspeeds and 





The data collected will influence decisions concerning selection of materials and 
morphologies for future wingsuit designs.  A principal characteristic addressed was the 
maximum proportion of lift over drag or (L/D)max.  (L/D)max, also equal to (CL/CD)max, is 
the aerodynamic condition of maximum forward glide distance for each unit of 
downward travel achievable in a gliding aircraft.  This is also known as maximum glide 
ratio or maximum aerodynamic efficiency.  This study compares the materials and 
morphologies tested for best aerodynamic efficiency.  
Most literature addressing membrane wings and ram-air inflated airfoils is for 
applications at Reynolds numbers and airspeeds significantly lower than those 
encountered in wingsuit flight.  These applications range from parachutes and hang 
gliders to micro-air vehicles.  Most of these studies do not address the conditions of 
wingsuit flight or only overlap at the lowest wingsuit airspeeds (Chowdhury, 2012).  Due 
to the Reynolds number disparity, most of these studies offer little directly useful 
information for future wingsuit design.  Likewise, there is significant literature on the 
effect of various fabrics on aerodynamic drag, particularly for athletic garments.  Few of 
these studies address aerodynamic lift, and those that do often call an upward component 
of drag, lift, creating a confusing situation (Chowdhury, Alam, & Mainwaring, 2011).  
Most studies of the effects of fabrics on aerodynamics do not address lift as generated by 
a wing with an airfoil cross-section.  This study specifically addresses the creation of lift 
by a wing with an airfoil cross-section. 
 





For this study, as a comparative exercise it is assumed that known wind tunnel 
effects like blockage and wall effects can be ignored if held to practical values.  
Similarly, intensive study of the wind tunnel flow quality (stability, vorticity, swirl, etc.) 
is not critical to this study (Barlow, Rae, & Pope, 1999).  The wind tunnel at ERAU has a 
32” x 45” test section and was capable of speeds up to approximately 140 knots with the 
proposed test wing.  The tunnel also has intense ultra-violet (UV) lighting that is useful 
for flow visualization using florescent tufts and florescent oil.   
A very low aspect ratio wing with a rectangular planform as used in this study 
was expected to have violent, turbulent, and unstable stall characteristics.  Turbulent, 
chaotic, and oscillatory loads and moments generated in several instances limited either 
airspeeds or the extent to which the AOA and depth of stall was investigated to avoid 
damage to wind tunnel equipment.  A robust, two-component, lift and drag, balance with 
direct force measuring capacitance sensors accurate to ± .25% of their normal 100 lb. 
range was fabricated and used.  This balance was constructed to amplify drag forces by a 
factor of approximately 10; this was a benefit for small changes in drag, but initially 
limited the total drag measured to a load of approximately 12 lbs which was expected to 
be adequate for this experiment.  Surprisingly, the forces generated in this experiment 
were significantly greater than expected.  This was resolved by procuring another drag 
sensor with over twice the load capability, but it was not available for all test runs.  
Similarly, the lift channel sensor was capable of a 100 lb load.  Both sensors have a 50% 
overload capacity, but this was to be used with caution, as exceeding this load would 





A limited number of morphologies were tested; models of those morphologies 
currently used by the wingsuit industry on wingsuit arm wings were tested to demonstrate 
their current performance and/or deficiencies.  Small changes in morphologies considered 
to be likely to improve wingsuit performance were also tested.    
 
Definitions of Terms 
Air density (ρ)  The mass per unit volume of air (Anderson, 2005). 
Air permeability  The volume of air which will pass through a measured area 
of fabric in a particular time period under a precise air 
pressure differential between each side of the fabric.  The 
Canadian Test Standard for air permeability of fabric 
(method 36-M77) requires a pressure differential equal to 
12.7 mm (0.5 inches) of water (Brownlie, 1992). 
BASE An acronym which stands for Building, Antenna, Span, and 
Earth representing the four types of ground based objects 
typically used by BASE jumpers as a launching point 
(D4DR Media, 2016). 
Bluff body An irregularly shaped object which has the dimension of 
width of the same order as the dimension of length.  A bluff 
body is affected primarily by pressure drag.  There are 
significant regions of separation from the body which lead 





Boundary layer That portion of a viscous fluid flow which develops a 
velocity gradient as a result of an applied shear stress in a 
high Reynolds number flow (Brownlie, 1992). 
Drag In aerodynamics, aerodynamic drag is the fluid drag 
force that acts on any moving solid body in the direction of 
the fluid freestream flow (Anderson, 2005, p. 260). 
Dynamic Pressure Pressure due to the velocity of the free stream flow 
expressed as one-half of the air density times the velocity 
squared: ½ ρV2 also mathematically expressed as “q” 
(Anderson, 2005, p. 175). 
Flutter A characteristic of a fabric when it wrinkles and then flaps 
in response to oncoming wind force. 
Lift When speaking of airfoils, the component of the 
aerodynamic force perpendicular to the relative wind 
(Anderson, 2005, p. 175). 
Morphology A study of structure or form (Morphology [Def. 3], n.d.).  
In this study, it is the combination of materials and/or 
placement of seams, zippers, vents, inlets, or other wingsuit 
construction artifacts. 
Relative Wind The direction of the free stream flow far upstream of an 






Reynolds Number A dimensionless value proportional to the ratio of inertia 
forces to viscous forces in a fluid flow--the product of the 
air density ρ, the air velocity V, and the characteristic 
length x, of the object measured divided by the coefficient 
of absolute viscosity µ; Re = ρVx/μ (Anderson, 2005, p. 
204).  Alternately calculated as Re = Vx/ν where ν = 
kinematic viscosity in square feet per second (Hurt, 1960). 
Wingsuit A wingsuit is a specialized garment for skydiving with 
fabric membranes that form arm and leg wings on a 
skydiver.  These wings allow the skydiver to move 
horizontally through the air with a relatively slow descent 
rate (USPA, 2008a). 
 
List of Acronyms 
agl   Above ground level 
AOA   Angle of attack 
AR   Aspect ratio 
BASE   Building, Aerial, Span, Earth 
CAD   Computer Aided Design 
Cd   Coefficient of drag of an airfoil section 
CD   Coefficient of drag of a finite wing or entire aircraft 
Cl   Coefficient of lift of an airfoil section 





CLmax   Maximum Coefficient of lift of a wing or aircraft 
ℯ   Oswald efficiency number 
(L/D)max Maximum quotient of lift over drag 
msl  Mean sea level, a standard value above which altitude is measured 
NACA  National Advisory Committee for Aeronautics 
π  Pi = 3.141579 
ρ  Density  
V  Velocity 










CHAPTER II  
 
REVIEW OF THE RELEVANT LITERATURE 
 
Wingsuit flight has been a popular sport since 1999 (Abrams, 2003).  In its less 
than 20 year history as a sport, it has grown to become an international fascination as 
mere human beings launch themselves from airplanes and cliffs and achieve the ancient 
dream of unaided flight (Hallion, 2003).  Other flying sports and related activities like 
skydiving, parafoil flight, hang gliding, wind surfing, and kite surfing are popular and 
have attracted researchers’ attention and produced significant academic literature.   
Hang glider flight matured before wingsuit flight; through research modern hang 
gliders have evolved to employ efficient airfoils; advanced materials; stable, high-lift 
shapes; and advanced morphologies (Dees, 2003; Kroo I. M., 1983).  Hang glider 
maximum flight speeds and Reynolds numbers may overlap minimum wingsuit flight 
speeds.  The technologies used in hang glider wing construction are seen as potentially 
useful technologies with possible application to wingsuits (Zhidong, 2012).   
Wind surfing and kite surfing sports enjoy large markets (Tomlinson, 
Ravenscroft, Wheaton, & Gilchrist, 2005).  These membrane wing and ram-air wing 
applications have advanced through the years and use a variety of high technology 
textiles and have been the subject of numerous academic studies (Rinehart & Sydnor, 
2012; Shah, 2005).  Academic studies in these areas hold potential for analyses and 
methodologies germane to wingsuit analysis.  However, hang gliders, windsurfers, and 
kite surfers, at their fastest, operate at only the very lowest of wingsuit flight speeds and 





is not likely to be directly transferable to wingsuit applications.  Wingsuit applications 
must be designed to improve performance at speeds from 60 knots to 160 knots (30 m/s 
to 82 m/s).  There is only sparse research about ram-air inflated fabric wings and 
membrane wings operating at the Reynolds numbers of wingsuit flight of approximately 
1x106 to 5x106.  Even less research has been published specifically on wingsuit 
aerodynamics.   
 
The Nature of Textiles as Related to Aerodynamics 
This study was the first step in a series of practical studies concerning wingsuit 
aerodynamics and design.  While procedurally simple, the experiment was 
aerodynamically complex, dealing with aerodynamic effects of widely varying surface 
coverings on a low aspect ratio wing.  The fabrics studied ranged through different 
magnitudes of surface roughness and permeability of air and include smooth plastic 
surfaces with a protruding pattern of lines or bumps from imbedded fibers of up to 0.2 
mm in a repeated pattern.  Woven fabric surfaces with different levels of smoothness and 
tightness of weave were used.  This introduced to the study of lift and contaminated 
wings the relatively malleable and displaceable roughness of woven fiber combined with 
the other factors like infiltration and permeability vice the oft studied hard grit roughness.   
Chowdhury and Alam (2014) note the variables and complexity of sports textiles 
and the direct relationship of the textile manufacturing techniques and the resulting 
physical and aerodynamic characteristics of the materials.  Surface characteristics of 
sports textiles create conditions that can induce or control transitions from laminar to 





Delkumburewatte (2008), and Spencer (2001) in their detailed examination of fabric 
construction and drag that confirms the links between surface properties, infiltration 
characteristics, air permeability, and manufacturing techniques to aerodynamic 
properties.  Chowdhury and Alam compared the aerodynamic properties of a smooth 
cylinder to the same cylinder covered with a variety of fabrics.  Other variables included 
the use of natural or synthetic materials, fiber orientation, surface roughness, and 
protruding fibers, all of which influence the aerodynamic properties of textiles.  
Moria, Chowdhury, and Alam (2011) demonstrate the profound effect on drag 
aerodynamics of the morphology of the garments, which involves the placement of seams 
and zippers, the orientation of the fabric weave or other textures, fastener placement, and 
permeability of the textile.  Garment morphology and fabric/textile surface characteristics 
are shown to have direct effects on aerodynamic properties.   
Surface texture can cause changes in airflow that changes the characteristics and 
nature of airflow over both bluff aerodynamic structures like a cylinder and more 
streamlined aerodynamic structures like an airfoil.  Small textural variations can generate 
airflow transitions and significantly change the resultant flow.  Zdravkovich (1997; 2003) 
notes that microscopic surface variations can cause macroscopic changes in airflow 
around aerodynamic structures.   
 
Computational Fluid Dynamics (CFD) Modeling  
CFD is a highly specialized discipline.  The mathematical modeling of complex 





advances in computing hardware and software.  Mendenhall, Childs, and Morrison 
(2003) note in their examination of best practices for CFD studies:  
A common research goal in CFD is to make CFD less of an "art" and more of a 
"science." The artistry of CFD involves the expertise and diligence of the CFD 
engineers controlling the many details that go into a CFD calculation. (p. 1) 
For this type of study involving surface roughness and aerodynamic effects of 
fabrics, CFD tools selected would need to be carefully chosen and the applications well 
managed.  Interpretation of results is also critical in developing useful data.  Patel (1998) 
noted the difficulty of modeling complex rough surfaces, and Nazarboland, Chen, Hearle, 
Lydon, and Moss (2008) confirm both the progress in this area and the need for 
significantly more study.   
While CFD has made remarkable advances in modeling rough surfaces, Liu and 
Qin (2015) demonstrated significant differences in a sequence of simulations conducted 
on an airfoil using two CFD modeling programs when compared to experimental data for 
the modeled airfoil.  The observed effects of surface roughness include decreased lift, 
increased drag, increased skin friction, and boundary layer transition caused by the 
surface roughness.  Both programs predicted the behavior of a smooth airfoil model, but 
one program differs greatly in lift and drag prediction for the rough surface; neither is 
completely accurate in prediction of the experimental aerodynamic values.  The 
roughness modeled was only a single form of sand-like, hard-grit roughness.   
Nazarboland, Chen, Hearle, Lydon, and Moss (2008) worked to develop a tool 
able to model 3D woven fabrics for use with more powerful CFD programs like Fluent, 





fabrics.  This phenomenon is a significant factor in fabric aerodynamic drag (Chowdhury 
& Alam, 2014).  The effect of fabric on infiltrating fluid flow using pressure and velocity 
of the fluid shows the labyrinth of fibers and spaces in the fabric cause resistance, 
velocity loss, and pressure loss.  The fluid pressure on the fabric changes the shape and 
size of the spaces and the orientation of the fibers.  This produces the “tortuous path” (p. 
150) which is likely the source of a great deal of drag and momentum exchange.  The 
study used “idealized yarn cross sections,” and geometric models developed by 
UniverFilter.  3D representations of yarn and fabric weave with fabric structural 
properties were provided in an optimized structure, and “due to the high complexity of 
the fluid dynamics,” approximation solutions were done numerically by use of Fluent 
software (pp. 152-153).   
It was clear that for woven fabric and textiles, this level of modeling and CFD has 
been difficult and was not yet mature enough for use by other than experts in the field.  
Even when analysis was done by experts, the results were not certain (Patel, 1998).  Most 
of the work done by Chowdhury and the CFD work on textiles and aerodynamics was 
done at low Reynolds numbers in the 104 or 105 values.  Wingsuits fly in the range of 
Reynolds numbers from 1x106 to 6x106.  CFD analysis was not selected as a primary 
research path for this study because of a lack of expert skills, the relative uncertainty of 
CFD results, the difficulty of their interpretation in this area of study, and the lack of 
easily useable and directly transferable technology (Mendenhall, Childs, & Morrison, 
2003).  CFD will be used later in follow-on research in areas like wing configuration 





For large scale design problems, CFD is rapidly eclipsing wind tunnel studies as 
computing power grows rapidly and ever cheaper.  The time and expense of detailed 
scale modeling and the cost of labor and tunnel expense is increasing (Leighton, 2010), 
and for quick and simple analyses, off-the-shelf CFD programs like that used with 
Solidworks and Fluent are increasingly popular.  But, in the case of this study, with the 
ability to use a near full sized model and the simplicity of the model, the wind tunnel is a 
more direct and reliable source of data.   
 
The Rationale for a Wind Tunnel Study 
A wind tunnel study was chosen for this topic for several reasons.  The 
aerodynamic effect of the various materials currently used to construct wingsuits is 
largely unknown.  The materials to be tested cover a wide range and combination of 
textures, weaves, roughness, permeability, and thicknesses.  The effects on aerodynamic 
performance of current wingsuits are the sum of the effects of all these characteristics.  
These combinations would be extremely difficult to model and calculate simultaneously 
in a CFD study.  As Barlow, Rae, and Pope (1999) note, “It is true that computational 
capability has continued to improve at a substantial pace, but it has not come close to 
reaching a level sufficient to replace the need for experimental data in development 
projects” (p. xi).  Despite the date of the citation, as noted before in the CFD section, it 
appears the statement is still true. 
The use of a well-documented airfoil, in a low aspect ratio wing, typical of a mid-
range wingsuit arm wing, allowed collection of baseline data through a range of airspeeds 





all testing to follow.  The baseline wing was first tested in a smooth and hard 
configuration then covered with the fabrics to be tested and subjected to the same 
conditions in each trial.  Direct comparison of the resulting data gave the total effect of 
each tested material on the lift and drag of the baseline.  As long as all other parameters 
and conditions remain the same in this basic comparative experiment, minor measuring 
and random experimental errors were expected to balance out and not have a significant 
effect on the validity of the data.  
By using the 32” x 45” wind tunnel at ERAU in Prescott, Arizona, this study was 
done at Reynolds numbers near actual wingsuit operational Reynolds numbers.  This all 
but eliminates one of the primary weaknesses of wind tunnel experimentation, the use of 
scale models and the associated problems of scaling-up data to real world performance 
(Barlow, Rae, & Pope, 1999).  The phenomena to be studied: lift, drag, aerodynamic stall 
and flow separation, were relatively simple to observe and measure.   
The data sought in this study was the effect of the current materials used in 
wingsuit construction on the available lift and drag of a wing with an airfoil cross-
section.  This information will facilitate selection of the most compatible materials for 
future designs.  In this study, there is no need to distinguish the many discrete 
aerodynamic components of each material but merely its overall gross effect on lift and 
drag.  The effect on pitching moment of the tested wing could be useful, but in this 






Previous Study Concerning Wingsuit Flight 
CFD analysis of wingsuit flight was performed by Omholt (2011) using the 
program Ansys FLUENTTM v12.0 to simulate airflow over a wingsuit model in flight.  To 
accommodate the FLUENTTM program, Omholt’s model was simplified, and the study 
and subsidiary material contained several basic assumptions that were not supported with 
respect to normal wingsuit operations.  The study assumed that wingsuit flight occurs at 
approximately 60 mph which would be the very lowest normal wingsuit airspeed range 
(Robson & D’Andrea, 2010).  Omholt implied wingsuit performance at a 3:1 glide ratio 
was average performance at these speeds.  Glide ratios of this sort are difficult to achieve 
in steady state flight, and they occur at significantly higher airspeeds (Paralog, n.d.; 
Robson & D’Andrea, 2010).  Omholt made simplified adjustments to the smoothness of 
the wingsuit model and noted the analysis did not match actual performance by a 
significant amount, greatly underestimating drag.  The lack of actual wingsuit experience 
by the researcher was obvious, and the results are oversimplified.  Omholt, while 
producing an interesting CFD analysis, generated no information suitable for making 
design decisions concerning construction and the morphology of next generation 
wingsuits.   
Berry, Fargeas, & Blair (2010), in their wind tunnel analysis of a novel wingsuit 
design, identified several useful analytic techniques.  However, the design they offered, 
by their own analysis, reduced glide ratio, and the results were not as expected.  The 
disparity noted existed most likely because Berry et al. did not account for the effect of 
fabric surfaces and shape deformation on lift; the low speeds tested – 31 m/s to 40 m/s or 





Berry et al. also neglected considerations of the CG in their design.  An interesting aspect 
of their research was the use of a full-sized wingsuit on a reinforced manikin in a wind 
tunnel.  The very low assumptions about wingsuit flight speeds reduced the utility of the 
information presented.  However, some of the techniques, both experimental and 
analytical, may be useful in future research related to this study.   
Robson and D’Andrea (2010) performed a detailed analysis of the glide 
characteristics of a Vampire 3, expert-level wingsuit produced by the Phoenix-Fly 
Company.  This was done to develop a pitch stability analysis in preparation for the 
installation of leg-mounted jet engines to attempt sustained flight.  The Vampire 3 
wingsuit design of 2008 is now considered an older design and has been updated by the 
manufacturer.  The overall aerodynamic design of this wingsuit remains very similar to 
the most recent version, the Vampire Race (Phoenix-Fly, 2014).  Robson, who was an 
experienced wingsuit pilot, produced his analysis as a Ph.D. dissertation.   
Using wearable miniature MEMS-based inertial sensors, integrated GPS, a 
barometer, and digital signal processing equipment, Robson and D’Andrea measured the 
aerodynamic forces on a wingsuit in flight.  The data collected showed the Vampire 3 
wingsuit, one designed to produce maximum glide ratio, typically produced glide angles 
greater than 20° (p. 2).  (L/D)max of approximately 2.7 occurred between 45 and 55 m/s 
airspeed or about 90 to 100 knots.  This supports the selected wingsuit test speeds and the 
AOA ranges chosen to represent a wingsuit in flight for this study.  Both Robson and 
D’Andrea’s data and conclusions supported the general premise of the poor aerodynamic 
performance of wingsuits.  Robson and D’Andrea noted that wingsuit performance and 





by the human body’s ability to maintain the stress necessary to sustain flight at current 
performance levels.  Sadly, before he could continue his work, Robson was killed flying 
his wingsuit during a BASE jump just after finishing his dissertation defense for his 
Doctorate, which was awarded posthumously.  
Nyberg (2012) performed a CFD analysis of the Apache expert-level wingsuit 
produced by TonySuits (TonySuits, 2010a) as a Master’s degree thesis.  Nyberg’s 
motivation for his analysis was an aerodynamic upset by a highly experienced pilot 
causing loss of controlled flight during a pull-up maneuver from a high speed of 83 m/s 
or about 160 knots, resulting in a spin or tumble.  This was near the upper limit of 
wingsuit flight speeds and would result in very low angles of attack and low 
pressurization of the ram-air inflated wings of the wingsuit.  An example of this sort of 
upset is the topic of an article by Kolla (2015).  It is accompanied by a video and 
experienced pilot’s explanation.  The article clearly showed where a similar suit, at racing 
speeds, spins merely due to the pilot turning his head and slightly raising a wing to watch 
another nearby flyer.   
Nyberg used a rigid model that could not have had the unstable characteristics of 
a flexible membrane wing; his CFD analysis of his rigid model logically was unable to 
determine the source of the upset.  Nyberg attempts to explain the upset based on 
potential unstable aerodynamics of the wingsuit while treating the suit as a “generic 
geometry of a wingsuit that stays in one static shape regardless of flying angles” (p. 24).  
This was a basic flaw in the analysis.  Wingsuit instability at low angles of attack and the 
usually accompanying high speeds were likely due to the deformation of the flexible 





Huang and Lin (1995) demonstrated that changes in angles of attack can cause 
variability in airflow characteristics in low aspect ratio wings including laminar 
separation, separation bubbles, transitional, turbulent separation, and three-dimensional 
vortex patterns.  Characteristic surface vortices in three-dimensional flow around low 
aspect ratio wings and vortex shedding at low AOAs is a function of shear-layer 
instabilities and Reynolds numbers, generally increasing in frequency with increasing 
airspeed.  These changes in boundary layer, shear layer, and AOA could easily have 
caused turbulence and vortex-related deformation of flexible wingsuit surfaces.  Chaotic 
pressure changes on a flexible wingsuit wing, caused by the effects described by Huang 
and Lin could easily produce an upset as described by Nyberg (2012) and demonstrated 
by Kolla (2015).  This sort of upset could be caused by inversion of the wingsuit-flexible 
membrane wings due to vortex-induced instability.  In the case of the high-speed pull-up 
maneuver starting from very low AOA, described by Nyberg, the wingsuit would have 
low pressurization due to the low AOA.  The wingsuit wings would have been weakly 
supported and flexible.  The wingsuit would have been extremely sensitive to any 
turbulence, vortices, or asymmetry of control inputs (Ormiston, 1979).  Nyberg’s use of a 
rigid model to replicate this sort of instability appears to be inappropriate in the case of a 
flexible wing, such as a wingsuit.  The situation was more like that described by Orniston 
and illustrated by Kolla (2015). 
Nyberg (2012) was not a wingsuit pilot; several assumptions concerning average 
glide ratios of 3:1 and rates of descent of a wingsuit of 44 km/hr (24 knots or 12 m/s) (p. 
3) were not supported by known, steady-state wingsuit performance or simple geometry, 





models of the wingsuit shape but makes the shape rigid in a flight regime where they 
would most likely be easily deformed and unstable.  The analysis used a NASA-
developed center of mass for an average astronaut.  He did not adjust the center of mass 
of his model to account for the wingsuit and parachute pack which would also affect 
stability.  The CFD analysis using the CAD models became a mathematical and academic 
exercise that had limited application for the author’s current study.  Nyberg did provide 
interesting CAD models, modeling information, and potential starting points useful for 
future phases of this study.   
The Nyberg (2012) analysis did show maximum wingsuit lift occurring at around 
30°.  The lift described appears to have been primarily the turbulent, aerodynamically 
stalled, separation drag of a body at high angles of attack, which coincides with Robson 
and D’Andrea’s (2010) speculation about “drag-based stability” (p. 6).  This tendency in 
wingsuit research to call the manifestation of drag in the upward direction lift is, in the 
author’s opinion, one of the primary intellectual stumbling blocks to developing a 
wingsuit that generates lift over airfoil surfaces in the way in which aerodynamic lift is 
thought of for smooth, hard-surfaced wings.  The CAD models and CFD techniques used 
by Nyberg are potential starting points for planned follow-on research to the proposed 
study after basic material and structural properties of the wingsuit are better defined.    
An interesting study by Segev et al. (2009) was done by a group of undergraduate 
students at the Israel Institute of Technology as an aircraft design exercise.  The study 
included human factors considerations, rigorous aircraft design methods using Nielsen's 
component buildup method, aerodynamic modeling followed by wind tunnel verification, 





testing.  The results, derived from slender body theory and comparison of configurations 
in a wind tunnel were remarkably similar to current wingsuit performance.  Wind tunnel 
models were small, approximately 1/3.5 scale and were complex manikins with stress 
sensors embedded in the arms and legs to measure the stress forces induced by the six 
simple planforms of the wingsuit models tested.  These manikins with model wingsuits 
were mounted on a sting balance to also measure the aerodynamic forces.  The scale 
models and very low Reynolds numbers tested, in the 40,000 to 70,000 range, make 
extrapolation of the data difficult, but the experiment overall was well done.  The study 
indicates that current wingsuit planforms likely have very little more to offer in terms of 
glide performance.  Segev et al.’s data showed maximum expected glide ratios of 3:1 to 
less than 3.5:1, and the results were generally better in comparison than results from 
actual wingsuit flight.  This may be attributable to their use of smooth plastic and metal 
models with aerodynamically clean surfaces.  Their study also introduced some 
interesting speculation about the value of 3D ram-air inflated wings vs. single surface 
membrane wings that were considered important to this study.  At the higher airspeeds of 
normal wingsuit operation with reasonable angles of attack, single membrane wings with 
loft would be expected to act very similarly to the 3D ram-air inflated wings.  This may 
have important ramifications for future design efforts.  While somewhat naïve to the 
actual flight and operation of wingsuits, the Segev et al. study is an excellent template for 
the use of aircraft design techniques as applied to wingsuit design and development 
(Abbas, 2009) to be used in follow-on studies for design of a next generation wingsuit. 
Overall, literature about aerodynamic analysis of wingsuits is notably sparse.  In 





glide ratio has not been the topic of robust aerodynamic study.  The existing studies 
ignored or neglected the potential significant contribution of wingsuit surface materials to 
the problem of creating and sustaining usable aerodynamic lift.  Wingsuit designs use 
ram-air inflated airfoil shapes, but these shapes are easily deformed in flight and are 
kludged together in configurations not seen on any other flying device, natural, or man-
made (Thomas & Taylor, 2001).   
To date, wingsuit aerodynamic design lacks a systematic, scientific application of 
aerodynamics that first analyzes the requirements and desired performance of wingsuits, 
then provides a logical, methodical build-process of the sort that would be used to 
develop any new aircraft (Zhidong, 2012).  The analysis required would include careful 
consideration of the desirable characteristics and requirements, flight speeds, Reynolds 
numbers, aerodynamic properties of the materials used, airfoil selections, and 
configurations.  The process would then consider application of these factors to the 
unique human factors considerations of a wearable aircraft.  The proposed study is one of 
the first steps in this process. 
 
Membrane Wings and Sailwings 
For the purposes of this study, some sort of flexible wings were considered a 
requirement for sport skydiving wingsuit design.  The human factors considerations noted 
in the requirements section of this study are of primary importance in any wingsuit 
design.  The basic premise of a flexible, wearable wingsuit was a design-driving factor.  
There was extensive literature on flexible membrane wings, from the first Rogallo hang 





Air-Vehicles (MAVs) (Bleischwitz, de Kat, & Ganapathisubramani, 2015).  Modern hang 
gliders’ flight speeds overlap wingsuit speeds at the high airspeed range of hang glider 
operation reaching 60 to 70 mph (27 m/s to 31 m/s) airspeed and similar Reynold’s 
numbers to wingsuits (Dees, 2010; Zhidong, 2012).    
Murai and Maruyama (1980) performed a two-dimensional analysis of two 
surfaced sail wings with rigid leading edges and found distinct performance differences 
between sailwings with circular cross-section leading edges and D-spar leading edges.  
Newman’s (1987) efforts with 3D calculations for inflatable membrane airfoils with 
stabilized circular, elliptic, and D shaped leading edges showed the advantages of leading 
edge stabilization and further showed elliptic and D shapes to have better aerodynamic 
characteristics in these applications.  Jackson and Christie (1987) worked on solutions of 
the stress and final shape of membrane wings under aerodynamic loading. 
Greenhalgh and Urtiss (1986) also completed studies using 50 micrometer and 
100 micrometer thin stainless-steel sheets stabilized by a streamline leading-edge spar.  
The aerodynamic and structural characteristics of these flexible-yet-semi-rigid membrane 
wings have very interesting implications for use in wingsuit applications with stiffened 
surfaces.  Many of the most recent studies applied to small unmanned aerial vehicles 
(UAVs) at very low Reynolds numbers that do not overlap wingsuit performance, even at 
the lowest ranges of wingsuit flight.  Nevertheless, there appears to be the potential of 
scaling up some of the work with potentially useful application to wingsuit aerodynamics 
and structure (Béguin & Breitsamter, 2014; Béguin, Breitsamter, & Adams, 2012).   
Current CFD analyses made possible by constantly and rapidly improving 





representations of low aspect ratio wings (Taira, 2008).  Various configurations of 
membrane lifting surfaces have been studied.  Extensive research has been performed on 
sails for yachts and high-performance sails for racing yachts (Viola & Flay, 2011).  There 
is also extensive research on sailwings and hang glider wings (Béguin & Breitsamter, 
2014; Béguin, Breitsamter, & Adams, 2012; Breukels, Schmehl, & Ockels, 2013).  Most 
current membrane wing studies are not at the airspeeds and Reynolds numbers needed for 
wingsuit flight due to the current popularity of MAVs; however, membrane wing CFD 
software and analysis techniques generated by such research will likely be valuable for 
future wingsuit study and design (Gordnier, 2009; Mairs, 2003).   
The sail making industry has used modern construction techniques and advanced 
materials to produce predictable and stable, flexible aerodynamic shapes for many years.  
These technologies were coupled with focused, membrane wing CFD analysis tools.  The 
sail industry had an established process of validation of numerical analysis through wind 
tunnel and other empirical data.  The sail making industry will likely greatly influence 
future wingsuit construction and morphology (North Sails, 2015; Viola, Bot, & Riotte, 
2013).  Use of analysis for stress distribution in membrane wings, with techniques for 
employment of Kevlar yarn and carbon fiber to further stabilize sturdy monofilm 
laminates, offers new membrane wing morphologies that are more stable both physically 
and aerodynamically (Fallow, 1996; North Sails, 2015).  These technologies, however, 
have not yet been used or tested under wingsuit flight conditions.  This study investigated 
the efficacy of these advanced materials currently used on wingsuits, and follow-on 
research to this study intends to examine the applications of these technologies to 





The Princeton sail wing (Sweeney, Ormiston, & Mercer, 1966) had a simple 
structure only slightly more complex than a boat sail, but had been shown to produce 
values of CLmax and (L/D)max as good as or better than similar-sized rigid wings and 
significantly better than many other flexible wings.  The Princeton sail wing was defined 
by a single spar leading edge usually with a D-shape or elliptical and a rigid wingtip.  The 
sail was a two-surface flexible membrane that forms the body of the wing with a catenary 
shaped trailing edge holding an embedded load carrying line.  The trailing edge was 
loaded by stretching the enclosed line; the catenary curve produced a consistent chord-
wise tension throughout the sail.  The sailwing has been shown to have a stable and 
benign transition through zero lift with no flapping, luffing, or other undesirable wing 
deformations.  This sailwing characteristic could eliminate many of the current low AOA 
problems with existing wingsuit designs if such technology could be incorporated.  There 
has been a recent revival of research on sailwings, much in the micro air vehicle area 
(Shyy, Ifju, & Viieru, 2005); however, other areas looking to exploit this technology 
include wind turbines for the lightweight with high lift capabilities available (Dei, 
Nemoto, & Ushiyama, 2006) and an exotic kiteplane concept that tethers several large 
sailwing planes together in a giant aerodynamic laddermill to generate energy (Breukels 
& & Ockels, 2005).   
Wings that fold and unfold, extend, retract, change dihedral, or otherwise change 
shape to affect flight characteristics in flight were often called morphing wings.  The 
1903 Wright Flyer’s wing-warping was one of the earliest forms of morphing wings as 
noted by Rodriguez (2007) when he reviewed a variety of morphing wing technologies.  





Transition Rig (Dryden, 2013).  This was a folding schema that follows the structural 
pattern of bat wings and was shown as applied to wind surfing sails and sails for small 
and large boats.  This technology used stiffening devices like battens along with an 
articulated mast that folded and unfolded the wing similar to bird wings or bat wings.  
Applied to a wingsuit, such wings would probably require some form of endoskeletal or 
exoskeletal supporting structure resulting in an aircraft somewhere between a modern 
hang glider and a current wingsuit design.  Significant work would be required to adapt 
such a device to the requirements of entrance and exit of an aircraft, but it seems entirely 
possible that it could be done.  Stabilization of wingsuit wings with rigid members is a 
possible path for follow-on research.     
 
Ram-Air Inflated Airfoils 
There was a large amount of literature on ram-air inflated, fabric airfoils used in 
parachutes and other slow-speed and low Reynolds number applications at low aspect 
ratios.  These studies worked both from empirical wind tunnel work (Lingard, 1986; 
Ware & Hassell, 1986) and more recently CFD using commercial software like ANSYS 
Fluent or its older versions (Ghoreyshi, et al., 2014).  Other studies used Reynolds-
averaged Navier-Stokes (RANS) CFD in conjunction with Finite Element Analysis 
(FEA) programs like NASTRAN (Oye & Schulte, 2009).  Much of this was informative 
as to methodology but does not address the aerodynamic phenomenon of lift created by a 
fabric surface at any but the very lowest of wingsuit flight speeds and Reynold’s 
numbers.  Belloc (2015) noted the aerodynamic differences between paraglider wings and 





included greater aspect ratio, tapered plan form, and noncircular arch, which produced 
large effects on performance  
Concepts and hypotheses generated for conventional ram-air gliding parachutes 
were not accurate for or directly applicable to paragliders, thus establishing the need for 
separate research efforts.  Similarly, the case with wingsuit aerodynamics is even further 
removed in Reynolds numbers and structure and requires separate consideration.  
Belloc’s (2015) study used a rigid reference wing to model a paraglider wing, to establish 
a baseline on stationary longitudinal and lateral aerodynamic characteristics.  The paucity 
of applicable research for wingsuit aerodynamics is even more extreme than that for 
paragliders.  There were very few inflatable wing studies that contained information 
useful for design or construction techniques for wingsuits (Li, Zhang, Peng, & Li, 2010; 
Lingard, 1986; Ware & Hassell, 1986).  Use of a rigid reference wing as done by Belloc 
to quantify the effect of surface materials on the lift and drag of a paraglider wing was 
very similar to the proposed study.  A simplified version of Belloc’s methodology using 
very similar hardware arrangements and measuring only lift and drag in a comparative 
vice a derivative process was expected to produce results of similar validity.   
 
Use of High-Performance Textiles in Sports 
There was much in the literature concerning high performance textiles and textile 
aerodynamics (McQuaid & Beesley, 2005).  Brownlie (1992) was a pioneer in the study 
of drag related to sports clothing, and Chowdhury, Alam, and Subic (2010) followed with 
an extensive review of the aerodynamics of fabrics in sports, but they primarily addressed 





generated from cylindrical body geometry models in high speed sports such as sprint 
running, speed skating, cycling, and ski jumping.  These sports occur at speeds and 
Reynolds numbers that only at their highest speeds overlap at the very slowest range of 
wingsuit flight, if at all.  Chowdhury et al. examined how manipulation of textile 
morphology to control aerodynamic drag and lift was a valuable performance-enhancing 
technique for high-speed, high-performance sports like cycling, skiing, luge, bobsleigh, 
and speed skating.  By varying surface roughness, fiber orientation, compressibility, and 
seam and zipper placement, it was shown that drag forces, lift forces, and flow transitions 
could be significantly manipulated.  These studies used a very simple cylindrical body 
model, as shown in Figure 34.  Lift, as measured by Chowdhury et al. was essentially 
upward-directed drag; the studies did not address surfaces that produce lift as produced 
by an airfoil.  Few sports use lift generated by the human body as a significant 
performance factor.  There is little in the sports textile literature about textile effects on 
airfoil-created aerodynamic lift; instead the upward value of drag is identified as lift as in 
ski jumping (Chowdhury, Alam, & Mainwaring, 2011; Ohgi, Hirai, Murakami, & Seo, 
2008).  
 Remarkable advances in the production of high performance fabrics and plastic 
films have introduced a large new scope of capabilities in material properties and 
construction techniques that are believed to be directly applicable to wingsuit 
construction (Friedman & Walsh, 2002).  Extraordinarily strong, flexible, 






variety of substrates, these textiles hold the potential to substantially change wingsuit 
construction and performance (Li, Zhang, Peng, & Li, 2010).  The first minor application 
of these sorts of materials has been seen on recent wingsuit designs, as shown in Figure 3 
applied to the leading edges of the Jedi wingsuit in Figure 3.  While the optimal 
application and use of these materials has not yet been determined in the wingsuit 
manufacturing community, the use of these materials holds great promise, and 
applications of these materials were investigated in the proposed study.   
Wilk and Skuta (2009) performed similar, but not sports-related, studies involving 
flags as low stiffness configurations of fabrics.  Their work shows changes in drag 
coefficients of materials that directly correspond to the roughness of the fabric.  Wilk and 
Skuta tested 42 flag variants that incorporated different sizes, aspect ratios, fabrics, 
surface roughness, stiffness, and edge treatments.  The results showed that drag 
coefficients changed, generally decreasing with increased airspeeds.  The type of material 
had significant influence on drag coefficient, and flapping and stiffness also greatly 
Figure 33.  Examples of the type of cylindrical body models used by 
Chowdhury, Alam, and Subic (2010) in studies of the aerodynamic effects of 





affected drag.  They also note there is no well-established measure for the roughness or 
stiffness of fabrics; the study could only measure the fabrics by comparing performance.  
The study was notably concerned only with drag; no information on lift was developed.  
The air speed range was very low relative to wingsuit speeds, from 4 to 14 m/s (8 to 27 
knots).   
 
Contaminated Airfoils 
There was comprehensive literature concerning contaminated airfoils and the 
effect of surface roughness on an airfoil’s ability to produce lift.  Studies showed the 
high-performance airfoils used on wind turbine electrical power generators can lose 50% 
of their power-generating capacity in a short amount of time merely from the random 
accretion of bugs and debris on the leading edges of the airfoil blades (Zhang, Igarashi, & 
Hu, 2011).  Light and sparse frost contamination, as shown in Figure 35, has been shown 
to substantially degrade aircraft wing performance, decreasing lift and increasing drag 
dramatically.  Ljungström (1972) showed 0.5-mm-thick frost on an airfoil of 5-meter 
chord can double drag coefficient and cause a 30% reduction of maximum lift coefficient.  
Numerous aircraft accidents are attributed to the loss of performance caused by 
roughness created by ice or frost contamination of the airfoil’s leading edges and upper 
surface, as shown in Figure 35 (Ice Contamination Accidents On Takeoff Reach 
Epidemic Proportions, 2004).  Other studies show that the same levels of frost on the 
under surfaces of wings are of little consequence (Bragg, Heinrich, Valarezo, & McGhee, 











This study hypothesizes fabric surfaces reduce lift similar to contaminated 
airfoils.  Timmer and Schaffarczyk (2004) used wrap-around grit of Carborundum 60 
with average size of 0.01 in. on the first 8% of the leading edge of a DU 97‐W‐300Mod 
airfoil.  This treatment represented a continuous severe contamination of the leading 
edge.  Timmer and Schaffarczyk’s experiment showed a “dramatic decrease in the 
maximum lift capacity of the aerofoil” (p. 303) from 32% to 45% loss of lift at Reynold’s 
numbers from 3 million to 10.3 million.  The contamination caused a large increase in the 
boundary layer thickness.  Interestingly, the lift coefficient increased with increasing 
Reynolds numbers on the severely contaminated airfoil as the boundary layer thinned and 
stabilized with increased airspeed.  
It was a basic premise of this study that the textured cloth surfaces normally used 
in wingsuit construction act similarly to frost or other distributed contamination as shown 
by Timmer and Schaffarczyk (2004).  It was believed that the texture and characteristics 
of woven fabric reduce lift while increasing drag.  This was the basis of this study’s 
Figure 34.  Frost on Aircraft: “According to the NTSB, frost the size of a grain of salt, 
distributed as sparsely as one per square centimeter over a wing's upper surface, can 





Hypothesis #1; the effect of the various fabrics currently used for wingsuit construction 
on the lift and drag generated by an airfoil was thoroughly investigated.   
 
Airfoil Aerodynamic Performance and Selection 
Current wingsuit performance is poor, with low glide ratios and very limited 
ranges of useful AOA (Robson & D’Andrea, 2010).  The brief analysis previously 
performed in this paper showed low CL, high CD, and low Oswald’s efficiency factor.  
The performance deficiencies are hypothesized as due to design flaws in materials and 
configuration.  This was seen as the result of trial and error development (Higgins, 2015) 
and the lack of application of sound engineering and aerodynamic principals to the 
development of wingsuit designs.  The intended purpose of the wingsuit is to allow the 
wearer to glide through the air with significant forward motion.  Presumably the airfoil 
shapes of the arm wings and leg wings produce lift, and other aerodynamic factors of the 
suit produce drag.  One of the primary measures of performance for wingsuit flight is 
glide ratio (Paralog, 2016a).  At the maximum of the ratio of lift over drag (L/D)max or 
(CL/CD)max is the best glide performance for any aircraft, providing the greatest forward 
movement for each unit of downward travel in unpowered flight (Hurt, 1960).  Steady-
state glide ratios achievable with modern wingsuits range from approximately 2:1 to 3:1, 
indicating travel two or three feet forward for every one foot downward (Nyberg, 2012; 
Robson & D’Andrea, 2010).  There is some evidence that higher glide ratios, even 
climbs, can be attained briefly by trading excess speed for increased lift; however, these 
states are very transitory and cannot be maintained as a steady state for any length of time 





Selection of an airfoil for use in the tests of this study was done first by an 
examination of wingsuit airfoils in flight, as illustrated by Figure 29 and Figure 30, and 
then by a comparison of the shapes derived to a variety of well-documented airfoils.  
Among the candidate airfoils resulting from this exercise, those with aerodynamic 
characteristics compatible with and suitable for wingsuit flight were selected.  The 
airfoils selected had to have shapes compatible with current wingsuit designs since this 
first exercise was to determine the effects of currently used textiles on the performance 
parameters of current designs.  As mentioned in the previous discussion of this analysis, 
this resulted in airfoils with large diameter leading edges; relatively thick, cambered, 
airfoils with 15% to 26% maximum camber from 32% chord to 44% chord; and positive 
camber on the lower surface.  Other aerodynamic characteristics deemed desirable for 
wingsuit flight were: a wide, smooth top to the CL curve, indicating a gentle entry to stall 
with sufficient warning, and a reasonably wide range of AOA between (L/D)max and stall, 
as high a CLmax as possible for the ability to increase AOA and use available lift by 
trading airspeed for lift.  Consideration was given to the simplicity of construction of the 
airfoil shape as some airfoils have complex curvatures that would be difficult to fabricate 
with the resources available to this research.  A final requirement was that there be 
sufficient documentation and data concerning the airfoil performance to support the aims 
of this research effort.   
A wide range of airfoils were examined.  There was extensive literature 
developed by NACA on the lift and drag characteristics of many airfoils (Jacobs, Ward, 
& Pinkerton, 1933).  Examples of studies of this sort are shown in Figure 36 for the 






tunnel investigation of 2D wings – specific airfoil sections that span the wind tunnel test 
section from wall to wall.  The aspect ratio is the wing span divided by the mean 
geometric chord.  Airfoils tested in a 2D configuration do not have wing tips in the free 
flow air, and their span and aspect ratio is effectively infinite.  Finite span has a 
significant effect on a wing’s aerodynamic properties.  The primary effect is the span-
wise lift distribution is not constant, as in the NACA tested infinite aspect ratio airfoils.  
This is believed to be caused by the flow of air around the wing tips which reduces lift at 
the wingtips and increases induced drag by tilting the total aerodynamic force vector 
downwind of vertical (Anderson, 2005).   
Like Belloc’s wind tunnel tests of a rigid model of a parafoil (2015), a rigid wing 
was fabricated, similar to a wingsuit in aspect ratio and airfoil.  This model was used as 
the test wing, to establish the aerodynamic performance baseline of lift and drag for the 
Figure 35.  Lift vs AOA for 44 series airfoils on the left and 64 series airfoils 
on the right showing stall from 12 to 17 degrees and relatively wide and 





first step of this study.  This rigid model was covered with commonly used wingsuit 
fabrics, and the lift and drag performance of the modified wing was compared to the 
unmodified wing. 
For this study, it was desirable to reproduce, as closely as possible, the conditions 
and characteristics of a wingsuit wing.  A low aspect ratio, finite wing section using an 
airfoil similar to a wingsuit airfoil was to be examined at airspeeds and Reynolds 
numbers of the same magnitude of a wingsuit in flight.  Based on the above 
characteristics and a search of well-documented airfoils (Abbott, 1959; Jacobs & 
Pinkerton, 1931; Jacobs, Ward, & Pinkerton, 1933) and the needs of this research effort, 
the NACA 4418 airfoil was selected.  An example of this airfoil superimposed on the 50th 
percentile male body is shown in Figure 30, and the aerodynamic characteristics are 
shown in Figure 37.  The NACA 4418 airfoil has a large diameter leading edge, 
significant camber, has a slight positive camber on the lower surface, and has 18% 
maximum thickness at the 40% chord.  Figure 37 shows a wing with the NACA 4418 
airfoil, and with an aspect ratio of 6, has a smooth benign stall and wide separation 
between (L/D)max and CLmax; these are desirable characteristics for wingsuit flight.  The 
(L/D)max for the NACA 4418 wing depicted is approximately 19 at an AOA of 
approximately 2 degrees.  Other thinner, highly cambered airfoils that would essentially 
fit inside the NACA 4418 profile were considered because they resemble the wingsuit 
wings when inflated in flight, but construction difficulties and model strength 
considerations drove the decision to the simpler NACA 4418 airfoil for this part of the 







The NACA 4418 airfoil has been successfully used as the primary wing airfoil in 
several aircraft including sailplanes (Lednicer, 2010) and has been used on wind turbine 
blades (Timmer, 2010).  The NACA 4418 airfoil has been tested at Reynold’s numbers of 
1 million to 3 million, which is in the range of normal wingsuit operations and aspect 
ratios from 6 to infinity (Grasso, 2012; Ostowari & Naik, 1985).  The large diameter 
leading edge airfoils have been shown to be resistant to flow separation due to leading 
edge contamination and roughness (Grasso, 2012).   
This study tested the baseline wing at Reynolds numbers up to 1.5 million and at 
an aspect ratio of 2.  With the abundance of information about NACA 4418 airfoil 
performance, it was a relatively straightforward exercise to establish a verified and valid 
baseline of performance using this airfoil for the test wing in the wind tunnel.  After 
establishing the baseline performance in the wind tunnel, the effects of covering the 
airfoil in the various fabrics used in current wingsuit construction was an unambiguous, 






comparative task.  The 4418 airfoil is a good potential candidate for preliminary design 
testing in follow-on research to this study.  As Hájek, (2009) noted,  
Airfoil optimization is usually used as a preliminary step to wing optimization.  
Given the relation to wings of infinite span (cf. Sec. 2, page 9), it is reasonable to 
expect that good aerodynamic performance of an airfoil will be reflected in good 
properties of a wing having this airfoil as a cross section. (p. 16) 
There was ample data concerning the performance of the NACA 4418 airfoil.  
NACA AR = 6 airfoil data for the NACA 4418 airfoil as shown in Figure 37 shows Clmax, 
and the AOA of aerodynamic stall for the airfoil of approximately 22º (Jacobs, Ward, & 
Pinkerton, 1933).  From examination of numerous videos of wingsuits in flight, it was 
determined wingsuits fly at (L/D)max in a roughly level attitude, with the airfoil chord 
position near perpendicular to gravity/weight, or pitched slightly down.  Examples were 
recorded by aYpochify (2013) at time 1:34 to 1:35 and Collins (2012) at time 2:35 to 
2:39 where wingsuits in full forward flight can be seen against a clearly discernable level 
horizon.  This flight attitude is corroborated by Robson and D’Andrea’s (2010) 
calculations.  Simple trigonometry shows a 4:1 glide ratio results in an AOA on the 
wingsuit of approximately 14.0 degrees, a 3:1 glide ratio results in 18.4 degrees AOA, 
and a 2:1 glide ratio results in an AOA of 26.6 degrees as illustrated in Figure 38.   
 






Aircraft Design Applied to Wingsuits 
This study is one of the first steps to inform follow-on research with the 
application of sound and proven engineering processes (Sadraey, 2012) and rigorous 
aerodynamic study to wingsuit development.  The design of the next generation wingsuit 
should be done in the same manner as would the development of any modern aircraft.   
Aircraft design is a continually evolving engineering art form, and contemporary 
design methods are both greatly aided and somewhat confounded by the availability of 
enormous advances in computing power and capability (Abbas, 2009).  The wide 
availability of computer aided design (CAD) tools, relatively inexpensive and available 
computational fluid dynamics (CFD) software, and the ready availability of task-specific, 
web-based information and tools allows current aircraft designers access to sophisticated 
tools and methods that can greatly improve design results and reduce the time necessary 
to analyze design decisions (Reed, Follen, & Afjeh, 2000). 
One purpose of this study was to begin the aircraft design process for wingsuits, 
with this study informing the following research.  The final product of the entire course 
of research started by this study is a next generation wingsuit with significantly improved 
performance over current designs.  While some of the direct engineering aspects of 
wingsuit design are greatly simplified compared to design of a conventional aircraft, 
others are unique and complex.  Wingsuits currently have no propulsion, avionics, 
sophisticated electronics and control interfaces, or mission and payload accommodations 
beyond carrying the pilot and his parachute.  Wingsuit materials, aerodynamic design, 
and the performance of flexible and membrane wings are areas requiring specialized 





efficient aerodynamic surface while integrating the human body as part of both the 
structure and control system are a much more involved study than current wingsuit 
designs would lead one to believe.  Design of a wearable aircraft, safely and comfortably 
incorporating the human body with optimal aerodynamic performance is not a trivial 
problem and has not been solved by the current aerodynamically naïve trial and error 
development process.  Following proven and well-documented systems engineering 
methodologies and a logical stepwise approach to wingsuit-design-as-aircraft-design 
should yield significantly better results approaching an optimal design within the 
constraints of current technology.   
Nicolai and Carichner (2010) illuminated the effects of modern technology’s 
influence, both useful and counterproductive, on traditional aircraft design progression.  
The summary of the process in following paragraphs followed Nicolai and Carichner’s 
work, adapted and abbreviated for the needs of wingsuit design.   
The aircraft design process is commonly executed in three stages: a) conceptual 
design, b) preliminary design, and c) detailed design.  The conceptual design process 
identifies the aircraft mission and specific operational and functional requirements 
necessary for a successful design.   
For the next generation wingsuit, the high-level requirements include a significant 
performance improvement in glide ratio.  For this study, a goal of follow-on research is to 
develop a design resulting in a steady-state glide ratio of 6:1 or better.  This effectively 
doubles current performance.  Control of the wingsuit should be achievable with 
reasonable training, and there should be no adverse flight characteristics that are not 





and doffed by the skydiver in a short amount of time; currently this time is 15 minutes or 
less.  The wingsuit must be reasonably comfortable to wear walking to a normally used 
skydiving aircraft, be able to be secured in currently used skydiver seating and the 
skydiver must be able to safely exit the aircraft through currently used inflight skydiving 
doors (G., 2015).  The wingsuit should be compatible with commonly used skydiving 
equipment and should not interfere with deployment of the parachute or performance of 
any normal or emergency procedures in the flight and landing of the parachute.  The 
wingsuit should be able to be produced for a price acceptable to the normal sport 
skydiver.  Current wingsuits cost from $1,500 to $2,500.  The wingsuit should be durable 
and robust enough to endure 500+ normal flights with no more than routine maintenance 
and repair.   
From these requirements, the conceptual design process identifies the next level 
of functional requirements and candidate configurations and technologies that hold the 
potential to accomplish the high-level objectives and requirements.  Some of the 
complexity of the human factors issues for high performance wingsuits is immediately 
evident.  Normally, weight sizing and concurrent wing sizing of the aircraft follows to 
determine what is required to meet weight and performance requirements (Nicolai, 
Carichner, & Malcolm, 2010).  The human body comes in a variety of size, 
configuration, and weight combinations; wing sizing for any given body size and weight 
is restricted by immutable factors such as arm span and leg length.   
The use of parameterized human models (Panero & Zelnik, 2014) for 
development of wing sizing and other dimensional problems in the early phases of design 





performance for a wide enough variety of human configurations to be competitive in the 
open market.  It would also be advantageous to be able to predict at least a nominal 
performance to be expected for any given wing and weight configuration.  From these 
requirements, the basic sizing of wings, wing loading, and required lift and drag 
parameters would be calculated in an approximate way to determine if, within the 
restrictions, there are feasible design options.  If so, the process moves to the next step.  
Preliminary design is concerned with the various technology trade-offs and 
specific calculations of sufficient accuracy to allow comparison and selection of more 
desirable alternatives.  One of the technology trade-offs is addressed directly by this 
study, the selection of construction materials for best performance.   
Sadraey (2012) lists the primary functions of preliminary design are to determine 
the aircraft maximum take-off weight and then the wing area and engine thrust are 
determined simultaneously.  For the wingsuit problem, the aircraft thrust is derived from 
the constant force of gravity.  Thrust is manipulated primarily by control of aircraft pitch 
angle, changing the longitudinal component of the gravity vector on the aircraft.  The 
wing reference area relative to the pilot weight becomes a primary variable for wingsuit 
design.  Wing reference area is affected by the options for wing configuration, number of 
wings, and wing loading.   
Wing design parameters are constrained, in the case of wingsuits, by human body 
dimensions and strength issues.  The human frame and muscular strength are the 
equivalent of spars, wing ribs, and frames in a conventional aircraft: this imposes more 
restrictions on the wingsuit design since the strength of the average human cannot be 





may be required (Engin & Kaleps, 1980; Robson & D’Andrea, 2010).  Current wingsuit 
designs use ram-air inflated structures to partially support the aerodynamic loads and 
reduce the strength required by the human pilot.  This technique greatly restricts the types 
of wings and airfoils that can be used.  Body and limb positions that present the best 
angles and postures for maintaining and controlling desired aerodynamic forces should be 
designed into the wingsuit (Hoy, Zajac, & Gordon, 1990; Segev, et al., 2009).   
Flying a wingsuit at maximum performance with current designs is often the 
equivalent of a spread-eagle push-up exercise with the arms swept aft of perpendicular to 
the torso and is a challenging body position to hold for more than a few minutes (Van 
Zuylen, Gielen, & Van Der Gon, 1988).  Since current wingsuit designs can seldom fly 
more than 2 or three minutes when launched from normal skydiving altitudes, this is not 
currently an overwhelming problem.  If performance increases were to double time aloft, 
human strength issues would likely become more important (Ohtsuki, 1983; Robson & 
D’Andrea, 2010).  Current designs use certain body positions that require significantly 
less strength to hold than other positions.  Allowing the arms/wings to bend upward with 
the lift force alleviates some pressure but is usually at the expense of increased rate of 
descent and lower glide performance.  Ideal wing designs would create the center of lift 
pressure as close inboard to the body center line as possible while still maintaining 
performance and not requiring excessive human strength.  Moving the center of pressure 
of the wing inboard would reduce the strength requirements by reducing the lever arm of 
the force on human arms and legs in wingsuit flight.  
Current designs accept the human CG as a fixed parameter, but this can vary 





pressure of current wingsuit wings is very close to the CG of most wingsuit pilots, the 
arm wings on most suits exhibit significant aft sweep to keep the center of lift aft of the 
CG.  The aft sweep of the wing places the human arms in an ergonomically weak 
position (Van Zuylen, Gielen, & Van Der Gon, 1988).   
Body positions that produce high lift on the forward arm-wings in current designs 
cause upper body fatigue.  High lift on the arm wings may cause a nose-up pitch and an 
undesirable increase in AOA which would slow the wingsuit pilot when the desire is to 
accelerate or when optimum airspeed is higher (Robson & D’Andrea, 2010).  The 
optimum position of the CG for the available wing surfaces and positions should be 
explored, and as in an aircraft, optimum CG and center of lift should be designed into the 
aircraft.  Methods to manage or change the CG of the wingsuit pilot are another area of 
investigation needed to improve both performance and reduce physical stress on the pilot. 
Preliminary design will investigate each of the potential configurations and develop 
potential lift, drag, and performance values for feasible alternatives that show the promise 
of the required performance.   
Sadraey (2012) defines the detailed design process of the wing by the 
investigation of 18 parameters as listed below: 
1. Wing reference (or planform) area (SW or Sref or S)  
2. Number of wings  
3. Vertical position relative to the fuselage (high-, mid-, or low-wing)  
4. Horizontal position relative to the fuselage  
5. Cross section (or airfoil)  





7. Taper ratio (λ)  
8. Tip chord (Ct)  
9. Root chord (Cr)  
10. Mean Aerodynamic Chord (MAC or C)  
11. Span (b)  
12. Twist angle (or washout) (Γt)  
13. Sweep angle (Λ)  
14. Dihedral angle (Γ)  
15. Incidence (iw) (or setting angle, Γset)  
16. High lift devices such as flaps  
17. Aileron(s)  
18. Other wing accessories (p. 162) 
Wing configuration – high-wing, mid-wing, or low-wing is an important 
consideration for both performance and stability.  Current wingsuit designs show poor 
understanding of the interaction of lifting surfaces: the options for wingsuit 
configurations are likely greater than is currently understood.  Investigation of the 
possible wing variations and the effects on performance will be important parts of the 
follow-on research to this effort.   
Concurrent with the aerodynamic analysis will be a continuing effort to provide 
the human-wingsuit interface compatible with best aerodynamic performance.  Trade-offs 
of comfort, control, and performance are likely, and decisions will need to be made in 
these and other areas simultaneously.  There may be a wide range of desirable outcomes 





performance, whereas sport wingsuits would accept reduced performance for comfort in 
repeated recreational flights.   
 
Why Study Materials? 
Materials are an aspect of the requirements that spans the entire range of 
requirements and design stages from conceptual to detailed design.  Investigation of the 
aerodynamic qualities of the materials used in current wingsuit design has been selected 
as a necessary precursor to the build stage of any design.  Current wingsuit designs are 
universally constructed of woven cloth with small attached variations.  The choice of a 
woven fabric has ramifications at all levels of design.  Woven cloth has structural 
qualities and aerodynamic properties that define the range of potential structural 
configurations of a wingsuit.  The ability of the cloth to deform, the shape it takes under 
pressure, both internal and external, and the nature of airflow over the surface of woven 
fabric, all define and limit the potential configurations and performance of current 
wingsuits (McLean, 2012).  
 
Isolating and testing the aerodynamic properties of fabrics.  The purpose of 
this study was to quantitatively measure and determine the aerodynamic effect of the 
various fabrics and textiles currently used in wingsuit construction on lift and drag.  To 
determine and compare the aerodynamic effects of each of the currently used 
construction materials, some sort of baseline performance had to be established from 





The airfoil is one of the fundamental factors in the efficient creation of lift.  Since 
it was suspected from previous analyses that a paucity of lift was one of the major factors 
in poor wingsuit performance (Robson & D’Andrea, 2010) examination of the effect of 
the various fabrics used in wingsuit construction on an airfoil of known and documented 
performance would be one method to measure and compare the effects of current 
wingsuit construction materials on basic lift and drag performance.  
The finite wing section used for this wind tunnel study had a span of two feet and 
a chord of one foot for an AR = 2.  This was similar to that of an intermediate level 
wingsuit, and a wing of this size can be tested in the ERAU wind tunnel at Reynolds 
numbers from 750,000 to 1,500,000, approximating that of an actual wingsuit arm wing.  
Basic aerodynamics would predict this low AR wing using the NACA 4418 airfoil, 
compared to Figure 37 which documents performance of a wing of AR = 6, should 
demonstrate a higher AOA before stall with a smooth wider stall profile and a higher 
coefficient of drag as in Figure 39 (Anderson, 2005; Hurt, 1960).  
Figure 39 from Hurt’s Aerodynamics for Naval Aviators (1960, p. 72) shows with 
decreasing aspect ratio, an increase of stall AOA from approximately 12.5° for the 
infinite aspect ratio airfoil, to more than 25°.  Figure 39 also shows increased coefficient 
of drag from approximately 0.025 for the infinite aspect ratio wing to over 0.25 for a very 
low aspect ratio wing such as our test wing with an aspect ratio of 2.  The stall vs. AOA 
relationship shown in Figure 39 was expected to be similar to that of the NACA 4418 







More evidence of poor wingsuit aerodynamic performance was that wingsuits fly 
very close to aerodynamic stall at the same time they are flying (CL/CD)max (Robson & 
D’Andrea, 2010).  The calculations of Robson and D’Andrea (2010) show that for the 
higher glide ratios attainable at typical wingsuit speeds, the AOA is 20 degrees or more.  
Figure 37 shows L/Dmax occurring at AOA of approximately 2 degrees for the wing with 
a NACA 4418 airfoil and AR = 6.  A wide AOA separation between (L/D)max and CLmax 
is a desirable condition that gives the pilot a wide range of useful airspeeds.  The large 
disparity between this performance and current wingsuit performance, even considering 
the differences in aspect ratio, shows wingsuit aerodynamics apparently do not closely 







follow that of a rigid wing with a smooth surface.  This study was conceived to examine 
the effects of one of the possible reasons for this disparity – the textured surface of a 
fabric-covered wing.  The study also transforms the data collected to derive (CL/CD) and 
(CL/CD)max performance for the tested wing with and without coverings.  Using data of 
this sort for performance tailoring of the airspeeds and desired aircraft capabilities is a 

















This study was designed to investigate the contribution made by materials and 
morphology to the aerodynamic performance characteristics of current wingsuit designs.   
This experiment provides heretofore unavailable information on the effect of the current 
materials used in the construction of wingsuits on the aerodynamic lifting surfaces of a 
wing with an airfoil cross section.  Current wingsuit designs use a variety of materials 
and manufacturers make claims of increased glide or reduced drag.  The effect of these 
materials on the lift generated by a wing with an airfoil cross section was largely 
unknown.  While lift and drag of this sort are complex interactions of airspeed, airflow, 
pressure profiles, and viscosity, the total effect of all the interacting factors is manifest as 
the resultant aerodynamic force which is then decomposed to lift force and drag force.  
This experiment provided a measure of the lift and drag produced by a wing 
covered with each of the materials and morphologies to be tested compared to the 
baseline test wing.  The results provide information that will allow selection of alternate 
materials and morphologies to improve wingsuit flight performance. From the 
information derived, wingsuit designers and manufacturers can better choose the 
materials to construct wingsuits based on the combinations or trade-offs between the 
documented aerodynamic effects and any other quality the material may provide.  If the 
magnitude of the aerodynamic differences detected in this experiment were so small that 
they were only detectible by statistical analysis, they are probably of little practical value 





large enough to justify changes in the materials or construction of wingsuits that will 
affect the costs and manufacturing changes necessary to implement those changes.  
Smaller changes may be more important to competitive flyers, those attempting to set 
records, or those engaging in extreme flight conditions where only larger practical 
improvements in performance would be important to the average sport wingsuit pilots.  
 
Research Approach 
Wind tunnel study was selected as the best method to control the primary 
variables under investigation in this research study.  The ability to observe and record 
phenomena and record data at Reynolds numbers similar to that at which wingsuits 
normally operate was important because the factors involved in working with airflow and 
airfoils covered with woven fabrics would be difficult to scale (Bushnell, 2006).  Control 
of airspeed, AOA, and morphology were other primary considerations for selection of a 
wind tunnel study.  Reynolds number for each experimental condition was derived.  
Maximum lift-to-drag ratio was also an important parameter in this study.  Lift-to-drag 
ratio generally increases with an increase in Reynolds number, and again the ability to 
take data at Reynolds numbers similar to those of wingsuit operations was important 
(Jacobs & Sherman, 1937).  Significant changes in aerodynamic characteristics of airfoils 
with changes in surface roughness and Reynolds number have been documented 
repeatedly (Howell, Qin, Edwards, & Durrani, 2010; Jacobs & Sherman, 1937; Saltzman 
& Ayers, 1982).  Wingsuit flight spans a range of Reynolds number in which these 





This study was an experimental comparative wind tunnel investigation.  Lift and 
drag characteristics of the baseline test wing were compared to the same wing with upper 
and lower surfaces covered with various textiles and combinations of those textiles.  The 
lift and drag of the hard-surfaced, painted, smooth baseline wing was measured every two 
degrees of AOA from -2 to 30 degrees, over a range of airspeeds from 60 knots to 140 
knots to establish a baseline of performance.  Coefficient of lift CL and coefficient of drag 
CD were derived as the outcome variables.  For this test, yaw and roll were maintained at 
zero.  
The selection of the range of AOA from -2 to 30 degrees reflects the current state 
of wingsuit development.  Ram-air inflated wings with camber have minimal control and 
are unstable at low angles of attack.  This range was chosen to eclipse the likely range of 
useful AOA up to aerodynamic stall.  Negative AOA, which would represent inverted 
flight, was not considered in this study.  While wingsuits are currently flown inverted, 
they are not flown inverted for maximum performance; in fact, performance is 
significantly degraded while flying inverted.  This is due to the change in body shape, 
partially because the ram air inflated airfoils used in wingsuits are positively cambered, 
and the internal ribs of the wings are not able to change shape to accommodate proper 
inflation of the airfoil shape in the inverted, negative AOA condition.  Like any gliding 
aircraft, wingsuit pilots will pitch down and decrease AOA to increase speed.  Low 
AOAs in current wingsuit designs are dangerous because the ram-air pressure that 
inflates the wingsuit and somewhat stabilizes the airfoil shape of the suit’s lifting surfaces 
is reduced relative to the outer dynamic air pressure, and the flexible airfoil can react 





As Ohmholt (2011) notes, his motivation for his study was a sudden loss of 
control by a wingsuit pilot following a high-speed dive.  This upset could easily have 
been caused by any small control input in the pull-out from the dive that asymmetrically 
changed the AOA on any of the flying surfaces of the suit to a negative value.  This 
would likely cause the flexible airfoil to invert and produce lift in the opposite direction 
of that desired.  If one arm wing were to invert while the other was developing positive 
lift, the result would be a large rotational force offset from the longitudinal axis and 
forward of the CG resulting in something much like a snap roll in a conventional aircraft.  
Similar airfoil inversions on leg wings or combinations of flight surfaces would result in 
similar gyrations about other axes of rotation.  This sort of uncontrolled, and at high 
speed, violent, maneuvering can result in disorientation, injury, and other adverse 
conditions like uncontrolled spins, as shown by Kolla (2015).  
This study was concerned with factors affecting maximum glide ratio, and this 
occurs at a positive AOA.  The NACA 4418 airfoil to be used is heavily cambered and 
produces positive lift at -2 degrees AOA.  Going below this value offers no significant 
value to the experiment, so it was selected as a lowest value for this study.    
 
Experiment Design and Procedures.  
A baseline wing was fabricated with a smooth hard surface like a conventional 
aircraft wing.  This baseline wing was then covered with currently used wingsuit fabrics 
and textiles.  Then the fabrics and textiles were arranged on the baseline wing in a variety 
of morphologies.  Each fabric/textile and morphology was considered a treatment of the 





morphology treatment was tested in the wind tunnel and its aerodynamic lift and drag 
compared to the baseline wing. 
Data were collected from the various sensors of the test apparatus.  Ambient 
temperature and pressure for each test run was used to compute the Reynolds number and 
the inches of water reading for the Dyers red oil manometer necessary to maintain the 
desired test airspeed in the wind tunnel.  AOA was read directly from the SBG Systems I-
500 attitude and heading reference system (AHRS) through its computer interface.  Two 
installed LoadStar brand, direct force capacitance sensors were used in the wind tunnel 
balance, one for lift and one for drag.  Both lift and drag sensors were factory calibrated 
and accurate to within 0.25% of the full range of the sensor.  Initially each sensor was 
rated for a 100 lb range with a 50 lb overload safety margin.  Because drag readings 
greatly exceeded the initial calculations, part-way through the experiment, a 250 lb sensor 
was procured for the drag channel.  
Readings of the lift and drag sensors were provided through a USB interface and 
specialized computer software.  The lift and drag sensors collect data at 125 readings per 
second; the last consecutive 500 readings as each condition stabilized were averaged for 
the reading recorded as experimental data.  Vibration and noise effects in the 
measurement system were reduced by the high-speed data acquisition and averaging used 
by the balance load sensors.  Averaging of multiple high frequency samples increased the 
accuracy and reduced the standard deviation of the average of the samples by a factor of 
the square root of the reciprocal of the number of samples (National Instruments Corp., 
2006).  The mean of this average was the same as the mean of each sample with greatly 





collected were well within the accuracy of the sensors themselves.  The basic sensor 
accuracy was used in this study as a conservative value.  The lift and drag values 
recorded from the force sensors are the dependent variables in this experiment.   
 
Study samples.  All test runs measured the independent variables of AOA and 
airspeed, which were varied in accordance with a pre-determined schedule, as shown in 
Table 2.  First, the unmodified baseline test wing was placed in the wind tunnel and 
tested.  The wing was held in position in the wind tunnel with zero yaw and zero roll in 
the center of the wind tunnel test section.  Data collected from the unmodified baseline 
test wing were the control group of this experiment.  AOA was varied through the 
experimental range from -2 to 30 degrees and was tested in 2 degree increments.  Later in 
the study, to conserve time some treatments were tested at 4 degree increments.   
The range of AOA tested for the baseline and each treatment was run at each of 5 
set test airspeeds if possible: 60 knots (30.9 m/s), 80 knots (41.1 m/s), 100 knots (51.4 
m/s), 120 knots (61.7 m/s), and 140 knots (72.0 m/s).  Some treatments were only run at 
80 knots, 100 knots, and 120 knots due to time constraints and wind tunnel availability.  
Each test run consisted of measuring lift and drag of the test wing through the test range 
of AOA at a specific airspeed.   
At each data collection point in the experiment, the lift and drag readings were 
observed and allowed to stabilize before recording the values.  Each experimental reading 
usually took from 10 to 30 seconds to complete.  Lift and drag values were considered to 
be stable when any increasing or decreasing trend stopped, and the readout value was 





nearest 0.1 lb.  For example, a reading when stable and not showing an increasing or 
decreasing trend while oscillating between 11.3 lbs. and 11.4 lbs., would be recorded as 
11.4 lbs.  In these cases, the larger value was always chosen as the recorded value.  These 
values were logged on a Microsoft Excel spreadsheet and were transformed to 
dimensionless coefficients of lift and drag using the independent variable data collected 
at the beginning of each data run and calibration corrections.   
Each test run was repeated at least twice, and test runs were compared for 
replication.  One of the basics of good experimental procedure promoted by Fisher (1935) 
and still relevant, was the repetition of two or more data runs under the same 
experimental conditions.  This allowed better estimations of error consequences and 
enhanced precision in measurement of treatment effects (Kim, Robinson, Wulff, & 
Parker, 2007).  The test team attempted to recreate identical conditions for replicated test 
runs, according to this study’s methodology; each of the test runs was considered a 
completely independent sample.   
Modifications of the test wing were done by consecutively covering its surfaces 
with each of the various treatment fabrics, combinations of fabrics, and other 
morphological features such as seams or zippers as currently occur on wingsuit designs.  
Each combination of features and fabrics were identified as morphologies.  Each of these 
coverings was a treatment, and each treatment was tested and data collected in the same 
manner as the baseline.  The procedure of comparing the performance of aerodynamic 
modifications to a known baseline is a common methodology in wind tunnel studies 
(Sewall, McGhee, & Ferris, 1987; Smith, Komerath, Ames, Wong, & Pearson, 2001; Van 






Apparatus and materials.  The experiment was conducted in the ERAU, closed-
circuit wind tunnel in the Tracy Doryland Wind Tunnel laboratory in Prescott, Arizona, 
and is shown in Figure 40.  This wind tunnel has a rectangular, closed test section which 
is 45 in. wide by 32 in. high and 48 in. long.  The test section has chamfered, transparent 
corners that house intense Ultra-violet (UV) lamps used for flow visualization with UV 
fluorescent tufts and oils, as shown in Figure 41.  A maximum airspeed of approximately 
140 knots was possible in the ERAU Prescott wind tunnel for the test wing used in this 
study.  The wind tunnel did not have enough power to complete a full run at 140 knots as 
the AOA increased and the wind tunnel blockage increased.  The 140 knot runs usually 
could not be completed over the entire range of AOA.  
 
Figure 39.  The Embry-Riddle Aeronautical University in Prescott, Arizona, Doryland 
closed-circuit wind tunnel showing one modular test section installed and the other 






Previous work.  Lift and drag forces were measured directly by capacitance force 
sensors incorporated into a robust two-component balance capable of withstanding high 
pressures and potentially high oscillating loads.  This balance was specifically designed 
and fabricated for this study and anticipated follow-on studies (Sestak T. A., 2015).  
Loads induced by low aspect ratio airfoils oscillating when close to or at aerodynamic 
stall and flapping and flutter of flexible airfoils of the size intended for this research 
would be beyond the capability of the available equipment at ERAU.  The balance 
designed and fabricated for this study and follow-on research was strengthened to 
withstand such loads with inertial damping incorporated into the design to protect the 
sensors from damage.   
The balance was designed so that the leverage of the mounting mast applied on 
the drag sensor magnifies the drag force by a factor of approximately 10 as measured 
from the installed balance and affirmed by calibration testing.  This allows the ability to 
use a force sensor with a greater range to get increased sensitivity measuring the drag 
force for calculation of the drag coefficient.  Capacitance force sensors with 100 lb. 
Figure 40.  A cross-section of the ERAU closed-circuit wind tunnel test section with 






capacity and 50% overload margin were chosen for the balance in both the lift and drag 
channels.  These sensors were selected to be able to adequately measure the forces 
generated in this experiment with sufficient accuracy and precision.  In fact, drag forces 
developed in this experiment were significantly greater than expected, and a new 250 lb. 
capacity sensor was required.   
The test wing was attached to the balance at center span on the chord line at the 
25% chord position by a mast projecting through the wind tunnel floor.  The test wing 
was positioned with the chord line centered vertically and horizontally in the 32” x 45” 
test section.  An electric linear actuator, positioned behind the main attachment mast, 
changed experimental AOA.  The model attachment mast was fixed at its bottom on a 
two-component balance using direct force measurement capacitance load cells.  
The upper portion of the attachment mast was exposed to the wind.  This added a 
drag value to the measured loads.  Tare lift and drag values were recorded for the balance 
at each of the test airspeeds and combined into the calibration correction equations of the 
balance.  The balance was located under the floor of the wind tunnel test section.  A 
diagram of the balance is shown in Figure 42.  The balance was installed in one of the 
modular test sections at the Doryland Wind Tunnel Laboratory in Prescott, AZ.   
Maximum dynamic pressure expected in this study at 140 knots was expected to 
be approximately 55 lb./ft2.  Calculated lift and drag forces for this low aspect ratio wing 
at an estimated CL of 1.2 and CD of 0.13 (Jacobs, Ward, & Pinkerton, 1933) resulted in 
approximate maximum lift forces of 132 lbs. and maximum drag forces of 14.3 lbs., as 







coefficient; q=½ρV2 =dynamic pressure, psf; S= wing surface area, sq. ft. (Hurt, 1960, 
pp. 23, 29). 
 
 𝐿 = 𝐶𝐿𝑞𝑆 (20) 
   
 𝐷 = 𝐶𝐷𝑞𝑆 (21) 
   
The procedures used for this balance are discussed in detail in the Sources of the 
Data paragraphs that follow.  The balance showed excellent repeatability of results, as 
shown in the statistical analysis of the data in Appendix E.  
 
Other equipment.  Two thermometers and barometers were located in the 
Doryland wind tunnel facility.  A classic mercury barometer with a mercury thermometer 
Figure 41.  A diagram of the robust 2-component balance designed and constructed for 






was installed in the facility and a mechanical hygrometer thermometer and aneroid 
barometer.  Prior to each test, the current ambient temperature and pressure was checked 
and compared on these instrument pairs.  If the instruments agreed within reasonable 
limits, the values were entered into the data collection system.   
When the wind tunnel airflow was started and the wind velocity brought up to the 
desired test value and allowed to stabilize, a Dyers red oil manometer was used to show 
dynamic pressure in inches of water.  The correct dynamic pressure value for the ambient 
temperature and pressure was calculated before each data run and set by adjusting the 
wind tunnel power to produce the correct inches of water reading on the manometer.  
 
The baseline test wing.  The baseline test wing was fabricated using red oak 
wooden ribs with red oak wooden spars for the materials’ dimensional stability, ease of 
working and shaping, and durability.  A 1/16-inch-thick hardened aluminum skin was 
used to cover the ribs to create the wing.  Figure 43 shows the assembled ribs and spars 
with the central mounting platform just before being covered with the aluminum sheet on 
which they rest.  The ribs were shaped to the NACA 4418 cross section.  The baseline 
test wing was a rectangular planform of 1-foot chord, 2-foot span, and AR 2, using a 
NACA 4418 airfoil as in Table 1.  The attachment surface of the test wing to the balance 
was located in the center bay of the wing between the center two ribs.  The attachment 
surface plane was parallel to and coincident with the wing chord line and an orthogonal 
line that spans the wing horizontally and intersects the chord line.  The attachment 
armature attached the wing at the 25% chord line and rotated at the attachment pin 1.5 





Table 1   
 
Baseline Test Wing Design Details 
 
Wing airfoil  NACA 4418 
Aspect ratio 2 
Span 24 in. (±0.0675 = 1/16 in.) 
Root chord 12 in. (±0.0675 = 1/16 in.) 
Tip chord 12 in. (±0.0675 = 1/16 in.) 
Mean chord, C̅ 12 in.  
Wing planform area 288 sq. in. (±0.78%) 
Wing sweep angle 0 
Wing taper 0 
 
 
projected below the lower surface of the wing through a hole in the lower surface that 
was covered in aluminum tape while the wing was being tested in the wind tunnel. The 
Figure 42.  The ribs and spars framework of the test wing with the attachment surface 








inclinometer for the test wing was positioned on the attachment surface inside the wing 
with the pitch axis of the inclinometer parallel to the attachment plane on the chord line at 
the 25% chord position.  The inclinometer was embedded in the attachment armature. 
‘The surface of the baseline test wing was smoothed with application of auto body 
filler, sanded, and painted.  The painted surface was then smoothed, waxed, and polished 
to get as smooth and even a surface as possible, directly comparable to a normally 







The size of the test wing allowed testing at Reynolds numbers of approximately 
700,000 to 1.5 million using the range of airspeed from 60 knots (~31 m/s) to 140 knots 
(~72 m/s).  This range of Reynolds number ensured the data collected were directly 
applicable to known wingsuit flight operations (Robson & D’Andrea, 2010).  The test 
wing span was 0.53 of the tunnel width; this was lower than the recommended 0.8 
maximum to avoid blockage effects in the wind tunnel (Barlow, Rae, & Pope, 1999).  






The blockage factor of the mount and airfoil at zero degrees AOA was 4.6% and 11.3% 
at 30 degrees AOA.  It is recommended that blockage, the ratio of frontal cross section of 
the test wing to the area of the test section, be less than 0.1 (Barlow, Rae, & Pope, 1999).  
Specific applicability of blockage factor for a low aspect ratio, 3D wing like the test wing 
for this study has not been firmly established.  Studies show that for aspect ratios less 
than 6, wind tunnel blockage effects are relatively small, resulting in an effective increase 
in dynamic pressure (q) and do not become significant until greater than 30 degrees AOA 
and after aerodynamic stall (Traub, Effects of Blockage on Airfoils and Wings at High 
Angles of Attack, 2015).  Since this was a comparative study, the small effects of 
blockage act as small systematic errors and were not considered significant.  The effect 
on the outcome variables would be small increases in CL and CD with increases in AOA 
approaching and beyond 30 degrees.  
 
Population/Sample 
After the baseline wing’s performance was established, several experiments were 
conducted.  First, the baseline airfoil was smoothly covered completely with the fabrics 
and textiles currently used in wingsuit construction (Phoenix-Fly, 2016; Squirrel, n.d.a; 
TonySuits, 2017c).  These materials were: 
1. Zero porosity 420 denier parapack fabric; coded 420 PP 
2. Zero porosity 210 denier parapack fabric; coded 210 PP 
3. Zero porosity 1.9 oz. ripstop nylon fabric; coded 1.9 RS 
4. 2 mm neoprene fabric with a smooth surface; coded S Neoprene 





6. Laminated plastic mono-film with a pattern of embedded carbon fibers with the 
long axis of the pattern parallel to the wind – downwind; coded MLV 
7. Laminated plastic mono-film with a pattern of embedded carbon fibers with the 
long axis of the pattern perpendicular to the wind – crosswind; coded MLX 
8. Vinyl coated fabric with a smooth surface with small random wrinkles; coded 
W Vinyl 
9. Vinyl coated fabric with a smooth surface with small bumpy texture; coded B 
vinyl 
For each treatment tested, lift and drag of the test wing was measured the same as the 
baseline wing and the results compared to the baseline.  The resulting data showed the 
effect of each material on the lift and drag as compared to the known baseline wing. 
Second, tests included measurement of the performance of various morphology 
models currently used in wingsuit construction.  The materials were arranged in patterns 
similar to their use on current wingsuit designs, and the effect of these morphologies on 
lift and drag were measured.  Morphologies measured were:   
1. The test wing covered with 210 denier parapack, monofilm laminate leading edge 
(MLE) to 20% chord, embedded carbon fiber pattern parallel to the wind, as shown in 










2. The test wing covered with 210 denier parapack, MLE to 20% chord, embedded 
carbon fiber pattern parallel to the wind, and a model seam at 20% chord on the 
upper surface, as shown in Figure 46; coded 210 PP MLE S 
 
 
Figure 44.  Test wing covered with 210 denier parapack and monofilm laminate LE to 
20% chord on upper and lower surface.   
 
Figure 45.  The test wing covered with 210 denier parapack with monofilm laminate 
on the LE and a model seam at 20% chord on the upper surface.  Inset shows profile 
view of model seam.  Right photo shows typical leading edge top of wing seam on a 






3. The test wing covered with 210 denier parapack, MLE to 20% chord, embedded 
carbon fiber pattern parallel to the wind, and a zipper at 10% chord on the lower 




4. The test wing covered with 210 denier parapack, MLE to 20% chord, embedded  
carbon fiber pattern parallel to the wind, and a zipper at 20% chord on the lower 
surface, as shown in Figure 48; coded 210 PP MLE AZ. 
 
 
Figure 46.  The test wing covered with 210 denier parapack with monofilm laminate 
on the LE to 20% chord on the upper and lower surface and a zipper at 10% chord on 
the lower surface.  Inset shows zipper profile at 10% chord.  Note position of zipper 







5. The test wing covered with 210 denier parapack, MLE to 20% chord, embedded 
carbon fiber pattern parallel to the wind, zipper at 10% chord on the lower 
surface, and a seam at 20% chord on the upper surface, as shown in Figure 49; 
coded 210 PP MLE FZ S. 
 
Figure 48.  Profile view of the test wing covered with 210 denier parapack, monofilm 
laminate LE to 20% chord, embedded carbon fiber pattern parallel to the wind, lower 
surface zipper at 10% chord, and model seam at 20% chord on the upper surface.  This is 
the typical morphology of most wingsuits.  
Figure 47.  The test wing covered with 210 denier parapack, monofilm laminate 
LE to 20% chord, and a zipper at 20% chord on the lower surface.  This position 






6. The test wing covered with 210 denier parapack with a 2 mm smooth neoprene on 
the leading edge to 20% chord on the upper and lower surface, as in Figure 50; 
coded 210 PP SNLE.  
 
 
7. The test wing covered with 210 denier parapack with 2 mm smooth neoprene on 
the leading edge to 20% chord on the upper and lower surface with the lower 
surface from 20% to 40% chord covered with monofilm laminate with embedded 




Figure 49.  The test wing covered with 210 denier parapack and 2mm smooth 
neoprene LE to 20% chord.  Note the significant thickness of the neoprene 






Sources of the Data 
The primary variables for each experimental condition were the independent 
variables of airspeed, AOA, and morphology.  The dependent variables were the primary 
outcome variables of lift and drag for each test fabric and morphology, from which was 
calculated CL and CD.   
Ambient temperature (T) and atmospheric pressure (p) were measured from two 
thermometers and two barometers installed in the laboratory.  From these values, ambient 
density of the atmosphere (ρ) was calculated.  Atmospheric density was then used to 
calculate the dynamic pressure (q), expressed as inches of water, equal to that produced 
by the desired experimental airspeed (V).   
The calculated inches of water pressure value was used to set the desired airspeed 
in the wind tunnel test section using a red oil manometer responding to pressure from a 
pitot tube mounted in the wind tunnel.  The wind tunnel pitot tube directly measured the 
dynamic pressure and displayed the value using a red oil manometer calibrated in inches 
of water.  The airspeed was set by matching the manometer readout with the desired 
Figure 50.  The test wing covered with 210 denier parapack, 2mm smooth neoprene 
LE to 20% chord, lower surface from LE material to 40% chord covered with 
monofilm laminate in perpendicular configuration.  On left, wingsuit with similar 






value by manually increasing or decreasing the speed of the wind tunnel motor to 
maintain the desired manometer reading.   
AOA was adjusted through an electrically powered linear actuator to change the 
angle of the test wing.  A miniature attitude and heading reference system (AHRS) 
attached to the test wing attachment surface parallel to the wing chord line was used to 
detect the pitch angle of the test wing for AOA measurements.   
Air moving over the wing surfaces created an aerodynamic force unique to the 
AOA and the airspeed for that test morphology.  This force was differentiated into lift 
and drag forces by the balance.  Lift and drag forces were measured directly as pounds-
force through the action of the balance in transmitting these forces to the force sensors.   
 
Data Collection Devices 
This was a comparative study seeking to demonstrate the effects of materials and 
morphologies on fundamental aerodynamic characteristics.  Many of the measurement 
devices used in this experiment were basic and simple.  The data collection devices; their 
accuracy, reliability, and validity; and the data collected were analyzed using wind tunnel 
and balance calibration procedures following an appropriately simplified version of the 
procedures as described in the Yen and Bräuchle’s (2000) Calibration and Uncertainty 
Analysis for the UC Davis Wind Tunnel Facility.  These procedures are based on the 
American Institute of Aeronautics and Astronautics (1995) standards modified to make 
them less “excessively and unnecessarily complicated…giving a false sense of the degree 





Static, ambient, atmospheric temperature and atmospheric pressure were 
measured from a thermometer and barometer installed on the wind tunnel wall and cross 
checked with a precision mercury barometer and mercury thermometer located in the 
same laboratory.  Dynamic pressure was measured from a pitot tube located in the top 
front center of the test section of the wind tunnel, upstream of the test wing, at the end of 
the wind tunnel contraction.  Dynamic pressure was measured using a red oil manometer 
calibrated in inches of H2O, attached to the wind tunnel pitot tube to measure dynamic 
pressure.  Manometer settings required for the desired airspeed and Reynolds numbers 
were calculated from the ambient air temperature and atmospheric pressure readings 
taken at the beginning of each test sequence.   
The wind tunnel was an Aerolab, closed-circuit wind tunnel, 87 series, installed at 
Prescott, Arizona, in 1988.  The original capability of the wind tunnel was a max air 
velocity of 300 ft./sec. or 200 miles per hour, equivalent on an ICAO standard day of 
0.27 Mach with an empty test section.  Testing was performed in nominally uniform flow 
not affected by the wind tunnel boundary layer.  Lift and drag forces were measured 
directly as pounds-force using capacitance load cells incorporated into the balance.  AOA 
was measured by a miniature, 6-component, SBG Systems IG-500A attitude and heading 
reference system embedded in the test wing attachment armature and installed on the 
attachment surface at the chord line, inside the test wing.  
 
Instrument reliability.  For an empirical experiment such as this study, accuracy 





or true value of the parameter being measured.  The precision of the measurements 
represented the repeatability of the measurements (JCGM, 2008).   
As a comparative study, the purpose of this experiment was to determine the 
aerodynamic effect of a material or morphology treatment with the lowest experimental 
uncertainty.  After the baseline configuration was measured and evaluated, the 
experimental trials measured the effects of the treatments. The treatments were the wing 
textile coverings and the morphology changes.  Any difference between the baseline data 
and the data from the experimental treatments were most likely due to the treatments, if 
all other experimental parameters were held constant.  The differences in the measured 
values of lift and drag between the baseline and the experimental treatments were the 
only factors being evaluated.  The intent was to keep all systematic errors constant to 
minimize the effect on the measured differences.  Experimental uncertainty was primarily 
that of random measurement errors.  Uncertainty of the experimental values was reduced 
by replication of the tests and averaging the differences.  This procedure allowed a better 
assessment of the experimental error between trials (Kim, Robinson, Wulff, & Parker, 
2007).  Experimental error in this empirical comparative experiment was primarily from 
random errors in data acquisition and data reduction.  These random errors were expected 
to follow a normal distribution.  Systematic errors canceled out, and calibration chance 
errors, also systematic, were also averaged out in this comparative study.  The 
experimental results were the difference between the baseline data and the treatment data 
collected at the designated airspeed.  
As a comparative study, the level of precision and repeatability in this study was 





was reasonably close to the actual values and consistent.  As a hypothetical example, the 
actual airspeed as calculated and set in the wind tunnel may have been 3 knots greater 
than the true value.  The airspeed value then would lack accuracy in the amount of 3 
knots greater than the desired value.  However, if the airspeed was consistently 3 knots 
greater, and the precision with which the experiment can reproduce the experimental 
airspeed was consistently within ± 0.5 knots of the 3-knot-greater value for all 
experiments being compared, the results could still be valid and useful.  The apparatus 
and procedures for each data run were made as identical as possible, and any errors were 
systematic and assumed to be normally distributed.  The apparatus and sensors were all 
shut down or electronically brought to zero and checked as such before each data run to 
establish a common starting point.  Each data run was considered independent of all 
others.  The comparisons of lift and drag for different configurations, in this case, would 
still be valid comparisons of the effects of the treatments of the test wing if the difference 
in the measurements recorded were sufficiently larger than the precision error of the 
experiment.   
De Bièvre (2010), in his article Fitness-for-intended-use very succinctly 
summarizes how experimental measurements performed should fit the specific needs of 
the experiment.  He notes the measurement uncertainty in the results should fit the 
anticipated use of the results.  Overemphasis on reducing uncertainty can require 
pointlessly complex and costly techniques that add no value to the final answer.  Under 
emphasis of uncertainty results in “making the measurement superfluous … leading to an 
inappropriate result” (p. 545).  Experiments are designed, and measurements are taken to 





provide information useful to the purpose of the experiment.  Likewise, De Bièvre asserts 
the expected uncertainty of the result should fall within pre-set boundaries that are fit-for-
the-intended-use of that result.  It is in this spirit the proposed experiment was designed.  
 
Thermometer.  Two thermometers were compared to establish the ambient 
temperature for this study’s calculations.  One thermometer was an unlabeled solid stem, 
mercury-in-glass, complete immersion thermometer, collocated and mounted in the same 
mounting armature with a Nova brand, laboratory-grade, mercury barometer.  It was 
assumed the thermometer was of Nova manufacture and was a laboratory-grade 
thermometer.  This thermometer has both Fahrenheit scale and a Celsius scale with 
degree markings of 1 degree from -10 to 250 degrees Fahrenheit and is easily readable to 
± 0.5 degrees or 0.2% of full scale.   
The second thermometer was an analog, circular dial, Lufft Watrous Durotherm 
certified hygrometer thermometer mounted on a cabinet, attached to the wind tunnel 
allowing both temperature and relative humidity readings.  The temperature scale is 
marked in 5 degree increments from 10 to 170 degrees Fahrenheit and is easily readable 
to ± 0.5 degrees or 0.3% of full scale.   
Both devices were compared before each wind tunnel run and the temperature 
recorded and used for calculation of atmospheric density.  For the temperature ranges 
extant in the wind tunnel laboratory, the readings agreed in all instances within the 
readable precision of each device, and the accuracy of both devices was considered 





Thermometer systematic errors were likely to be small and of little consequence 
in the final analysis.  Random errors were largely errors in reading temperature values 
from the instruments.  These type errors were expected to follow a normal distribution.  
The estimated range of these precision errors for the planned test conditions was within 
the larger ± 0.5° value of the two instruments.  This value ensured the estimate of the 
precision limits of this measured variable covered the reasonable range of the potential 
distribution.   
 
Barometer.  Two barometer devices were used to determine ambient atmospheric 
pressure.  Readings from both devices were compared before each wind tunnel run.  The 
first was a Princo brand, Fortin type, Scientific 469 Nova, mercury barometer mounted 
on the laboratory wall with the mercury thermometer.  This barometer was marked in 0.1 
inch increments to 32 inches, with a sliding Vernier scale that allowed easy reading to ± 
0.025 inches or 0.07% of full scale.   
The other barometer device was a Wallace and Tierman Model FA112 precision 
aneroid barometer with a minimum graduation of 0.05 inches mercury on a scale from 19 
to 32 inches of mercury.  It incorporated a knife-edge pointer with a mirror ring to reduce 
parallax errors.  It allowed easy readings to ±0.02 inches mercury or 0.15% of full scale.  
Both devices were compared before each wind tunnel run and the ambient 
barometric pressure recorded and used for calculation of atmospheric density.  For the 
pressure ranges extant in the wind tunnel laboratory, the readings of both devices agreed 
in all instances within the readable precision of each device.  The accuracy of each device 





Errors in reading atmospheric pressure values from the instruments were expected 
to follow a normal distribution.  The estimated range of these precision errors for the 
planned test conditions was ± 0.025 inches of mercury.  Doubling this value to ± 0.05 
inches ensured the estimate of the precision limits of this measured variable covered the 
reasonable range of the potential distribution.   
 
Load cells.  Direct force measuring iLoad TR capacitive load cells from the 
LoadStar Sensors Company were selected for the balance.  These are digital, USB-A 
interface, with plug-and-play software interface and with simple and automated 
calibration and zeroing capability.  These load sensors were sensitive to large temperature 
changes, which was one reason for locating the balance outside of the wind tunnel test 
section where ambient temperatures were relatively constant during testing.  The load 
sensors were accurate to within ±0.25% of full scale measurement, and they had a usable 
margin of approximately 50% beyond the designated load limits that helps protect the 
sensors from transient overload damage within these margins.  The load cells were 
factory-calibrated with a calibration function for checking and resetting calibration as 
required.  During the experiment, the load cells are warmed-up 30 minutes prior to 
collecting data.  The balance was exercised before each data run to ensure there was no 
binding and that the load cells were responding appropriately.  The load cells were 
adjusted to zero with the test wing in place and all other procedures and conditions 
completed prior to starting the air flow at the beginning of data collection at each 
airspeed increment.  Systematic errors of the balance were calculated by an interaction 





accordingly.  Random errors in accuracy of the force sensors were 0.25% of full scale or 
up to 0.25 pounds for the 100-pound full scale sensors and 0.625 for the 250 lb sensor.   
 
Inclinometer for AOA.  The AOA sensor was a 6-component, miniature IG-500 
AHRS by the SBG Systems Company.  This device was accessed through software and a 
USB interface and could be read to within ±0.1 degrees as installed in this experiment.  
The AOA of the test wing was controlled through manual actuation of an electrically 
powered linear actuator attached to the test wing mounting device.  This control allowed 
the operator relatively precise control of the AOA setting through a process of overshoot 
and correction until the desired value was set.  The AOA sensor and linear actuator were 
also affected by structural vibration of the wind tunnel which required occasional 
resetting of the desired AOA value.  The potential AOA reading error was doubled to 
±0.2 degrees or 0.05% of full scale to ensure coverage of the full range of the potential 
distribution of this reading.   
 
Manometer.  The dynamic pressure was measured by a Dwyer red oil manometer 
using 0.826 specific gravity oil, pneumatically interfaced with a pitot tube.  The readout 
was a scale calibrated in inches of water pressure.  The scale had gradations of 0.1 inch of 
water from 0 to 20 inches and was easily read to ±0.05 inch of water.  The wind tunnel 
was only capable of speeds that produce approximately 10 inches of water pressure equal 
to approximately 2491 pa or 52 lb./ft2.  The reading error was doubled to 0.1 inch of 





account the uncertainty that comes from the calibration coefficient of the wind tunnel test 
section and to ensure coverage of the full range of the potential distribution.  
 
Area of the test wing.  The measurements of the test wing were 24 inches by 12 
inches ±1/16 inch, as measured with a professional grade rule.  This means the area of the 
test wing could vary from 285.75 square inches to 290.25 square inches.  This is a total 
difference of 4.5 square inches or 1.56% of full range. 
 
Instrument Reliability 
The simple nature and design of much of the laboratory equipment used, mercury 
thermometers, Fortin barometers, and red oil manometers made these devices inherently 
accurate and reliable within the measurement requirements of this experiment.  Assuming 
proper installation and reasonable maintenance, the largest errors introduced by these 
devices were in reading errors.  The use of multiple devices as a cross-check for possible 
changes or problems increased the confidence in these measurements.  Reliability and 
repeatability of the entire system was checked for each morphology and airspeed 
increment by first making a graph of the CL and CD vs. AOA and doing a visual 
comparison.  Then Microsoft Excel with a Real Statistics add-in was used to produce a 
non-parametric two sample paired t-test data analysis and a Wilcoxon signed-rank test for 
paired samples to do an immediate check for replication of the data taken for each 
treatment.  Any significant variation between runs was a cue for examining the apparatus 






Instrument validity.  The balance was tested for non-linearity and hysteresis 
effects and the least squares line and tolerances calculated.  Lift and drag channels were 
loaded with precision loads and the readout values for each loading recorded.  These load 
and readout values were used to determine calibration equations to adjust for interactions 
of lift and drag forces in the balance and non-linearities of the balance system.  A linear 
approximation was developed correlating loadings to the readings with interaction 
coefficients, and an expression for the actual load corrected for interaction effects was 
derived. 
Alignment of cable, pulleys, and weight hangers was critical for accurate 
calibration.  This process was greatly facilitated using a precision laser level.  The laser 
level, mounted on a tripod mount, projected a line of intense light in a high-precision 
orthogonal cross that allowed alignment of balance components and calibration lines by 
merely matching them to the easily seen light line, as shown in Figure 45.    
Other instruments, barometers, thermometers, and manometers were inherently 
reliable and had a high level of internal validity due to the direct cause-and-effect 
relationship of their measurements and the lack of confounding variables in an empirical 
experiment such as this study.  
 
Test Plan 
The expected test events were summarized in Appendix C, Table C1, Planned 
Test Matrix for Wind Tunnel Experiment.  The sequence of testing was dependent upon 
wind tunnel availability for this study.  Testing of some treatments was limited to 80, 





save time.  The loss of the low and high speeds was not considered a large problem 
because the 60 knot tests were in the very lowest of wingsuit flight speeds and of less 
interest, and the 140 knot tests were often truncated due to reaching the limits of the wind 
tunnel capability at mid-range AOAs.  The wind tunnel test runs for each treatment 
averaged approximately 1 hour each plus the time required for apparatus set-up/warm-up, 
calibration, and time required for unexpected events or changes.  
 
Treatment of the Data 
Data were collected from both increasing and decreasing AOA for the baseline 
and all treatments.  The AOA was increased in increments of 2° or 4°, while maintaining 
dynamic pressure, from -2° to 30° AOA, and then AOA was decreased by the same 
increments from 30° to -2°.  The decreasing AOA data provided some interesting insights 
into typical aerodynamic stall hysteresis and showed typical sensor hysteresis.  While this 
data were uniform and of the same quality as the increasing AOA data, it doubled the size 
of a very large data set and offers no improvement in insight into the aerodynamic 
qualities of the materials and morphologies tested.  For these reasons, only the data from 
the increasing AOA runs were used in the following analysis.  First the entire data set 
was statistically analyzed to give an understanding of the overall quality of the data. 
 
Analysis of Quality of the Entire Data Set 
The data collected was the result of a physical process, the development of 
aerodynamic lift and drag because of changes in AOA at a specific airspeed.  Lift tends to 





separates and stalls, and the lift curve turns and changes rapidly.  Drag tends to follow 
parabolic curves and is not a linear or a normal distribution.  Each run was a sample of a 
specific treatment and resulted in a distribution of lift and drag over a range of AOA for a 
given airspeed.  Each of these data sets were analyzed both as a separate sample and 
compared to the baseline.   
This is a large data set with CD N=1660 and CL N=1647; the difference in total 
data points in CD and CL are due to various conditions such as unstable oscillation of the 
test wing under certain conditions in the wind tunnel experiment that prevented further 
data collection during variable conditions to avoid damaging the equipment.  Table 2  
 
Descriptive Statistics of the Entire Data Set shows the descriptive statistics of all data in 
the following analyses.   
 
Descriptive statistics.  Table 2 shows the descriptive statistics of the complete set 
of lift and drag data from the baseline test wing and the various treatments tested, 
transformed to CL and CD with calibration corrections.  The mean was zero by definition.  
The median of zero was evidence that there was no asymmetrical distribution of errors.  
Small standard deviation and variance for this data indicated low dispersion of data from 
the mean of either CL or CD and that the errors in the data were small.  These data were 
the lift and drag curves of an aerodynamic surface and were known to be non-normal 
distributions, and yet the skewness was relatively small and indicated the data was close 





Further examination of the data showed for CD:  99.34% of differences were 
within .03 of mean; 95.72% of differences within .02 of mean; and 84.46% of differences 
within .01 of mean.  For CL: 93.44% of differences were within .03 of mean; 83.73% of 
differences within .02 of mean; and 53.92% of differences within .01 of mean.  This was 
also to be expected; at critical AOA, during stall behavior the CL would show larger and 













Reliability testing.  All statistical testing of the data as collected is shown in 
Appendix E.  The data were analyzed for distribution shape to determine if measurements 
were normally distributed.  This analysis served as a qualification for meeting the 
assumptions of parametric testing.  When measurements were not normally distributed, 
nonparametric techniques were used.  Fitting appropriate methods to data distributions 
ensured maximizing statistical power when assumptions for normality were met, while 
Table 2  
 
Descriptive Statistics of the Entire Data Set 
 
 CD_diff CL_diff 
N Valid 1660 1647 
Mean 0.00   0.00 
Median 0.00   0.00 
Std. Deviation (.0083)   (.0185) 
Variance 0.000   0.000 
Skewness -0.332  -0.058 
Std. Error of Skewness 0.060   0.060 
Kurtosis 7.099 15.241 
Std. Error of Kurtosis  0.120   0.121 
Range 0.116   0.297 
Minimum -0.065  -0.148 
Maximum 0.051   0.148 





ensuring validity by not implementing parametric testing where the data did not meet the 
normality assumption.  
Normality testing resulted in a determination that repeated measurements for each 
condition were normally distributed, as is expected where there is a value subject to 
random error (from environmental conditions and equipment).  Distributions of 
measurements across varying AOA and airspeeds did not have a normal distribution.  
This was also expected since the variation is not random but rather a result of 
aerodynamic processes.  
After determining measurement distributions, equivalency of the data collection 
sessions was assessed.  Because error present in the repeated measurements at each 
condition were normally distributed, multiple runs (ranging in count from 2 to 6) were 
analyzed with Analysis of Variance.  Runs differing significantly from others with 
identical angle/speed/material were excluded from the study.  Occasionally comparing 
groups of measurements (e.g. multiple AOAs and airspeeds) for each run resulted in 
distributions that were not statistically normal; for these comparisons, the Welch test 
statistic was more appropriate.  The Welch statistic is more robust for violations of 
normal distribution. 
Coefficients of lift and drag were compared both within and between wing 
materials.  Comparisons within wing materials indicated the overall variability in 
lift/drag, as well as identified speeds or angles that significantly differed from other speed 
or angle measurements with the same wing material.  Comparisons between materials 
indicated differences in performance, both in terms of average lift/drag and performance 





material treatment to the baseline wing.  These comparisons were analyzed with 
nonparametric testing. 





Testing was done at 60 knots (31 m/s; 111 km/hr), 80 knots (41 m/s; 148 km/hr), 
100 knots (51 m/s; 185 km/hr), 120 knots (62 m/s, 222 km/hr), and 140 knots (72 m/s; 
259 km/hr).  To reduce the time required for testing due to wind tunnel availability 
restrictions, some treatments were tested only at 80, 100, and 120 knots.  As noted and 
confirmed by Robson and D’Andrea (2010), 60 knots was not a practical wingsuit speed, 
so work omitted at this speed was not considered critical to the study.  Additionally, the 
ERAU wind tunnel was unable to maintain 140 knots for the full range of AOA of the 
test wing for this experiment, so the 140 knot data were truncated at the high AOAs, but 
the data at the lower AOAs used for calculation of (CL/CD)max were usually available and 
very useful so it was collected whenever possible.  
Wingsuit competition speeds were approximately 135 knots (250 km/hr) for the 
distance task, 80 knots (148 km/hr) for the time task, and 148 knots (275 km/hr) for the 
speed task (Paralog, n.d.).  Robson and D’Andrea (2010) showed best glide occurring 
around 50 m/s (100 knots).  The primary focus of this experiment was to prepare for 
follow-on research to produce a wingsuit with maximum glide ratio.  All data collected is 
available for further analysis but for the purposes of this analysis, most of the attention 





conditions for maximum glide for current designs and needed for the primary long-term 
goal.  
The smooth, hard surfaced, baseline, test wing was tested first, then the top and 
bottom surfaces of the wing were covered with each of nine textile treatments.  Three 
treatments were woven fabrics with a zero-porosity treatment on one side that prevented 
air permeability through the fabric sheet but did not prevent air permeability within the 
weave and the yarn of the fabric above the zero-porosity layer.  Two treatments were a 2 
mm sponge neoprene textile, one with a smooth surface on one side, and the other with a 
three-dimensional grid pattern embossed into the surface.  Two treatments were a 
monofilm laminate textile which had an approximately ¼” grid pattern and an overlying 
long diamond pattern in the imbedded fibers and was tested with the long axis of the 
diamond pattern both across the airflow and parallel to the airflow because both 
orientations are used in current wingsuit designs.  Two more treatments were flexible 
vinyl sheets laminated to a fabric scrim backing.  One vinyl fabric had a slightly bumpy 
surface texture, and the other had a texture composed of a random pattern of very small 
wrinkles in the surface.   
Seven morphologies were created using wingsuit construction artifacts and 
leading edge treatments added to the baseline wing covered with 210 denier parapack 
fabric.  210 denier parapack fabric is the most common wingsuit textile currently used for 
construction of wingsuit wings.  The morphologies tested modeled current wingsuit 
construction and design.  Testing of the modeled morphologies was done using the 
commonly used stepwise system design process for any new aircraft (Raymer, 2012).  





individually and combinations of the components to the aircraft design.  This process 
resulted in testing seven morphology based treatments.  Seams and zippers are prominent 
wingsuit artifacts.  A zipper and a model seam were attached to the test wing in positions 
and presentations that as closely as possible modeled current wingsuit designs.  Leading 
edge treatments, where a usually smoother or more stable material compared to the 210 
denier parapack is used on the leading edge of the arm wing, are common artifacts.  
Examples of leading edge treatments are shown in Figure 3 and Figure 51.  This study 
tests two leading edge treatments representative of current wingsuit designs: a monofilm 
laminate plastic textile with a matrix of embedded fibers and a smooth surfaced 2 mm 
neoprene textile.  One other morphology currently common to wingsuit design is the 
addition of a band of monofilm laminate on the bottom surface of the arm wing just 
behind the leading edge treatment as shown in Figure 51.  These artifacts were modeled 
on the test wing in the manner of current wingsuit designs and were tested separately and 
in combinations.   
 
The Baseline Test Wing 
The baseline test wing surface was a smooth painted surface, polished and waxed 
like an ordinary airplane wing, as shown in Figure 52.  The resulting surface was 
extremely smooth visually and to the touch.  The right side of Figure 52 is a 
photomicrograph of the surface of the baseline wing at a magnification of 40X.  This 







Information about a wing of AR=6 with a NACA 4418 airfoil cross section is 
shown in Figure 53.  The figure shows the wing at a Reynolds number of 3.1 x 106 has a 
CLmax of 1.47 occurring at 21 degrees AOA.  The air speed tested is 69.5 ft/s (49 knots, or 
21 m/s) CD is shown to increase from a minimum of slightly lower than 0.1 to slightly 
lower than 0.30 just after CLmax.  L/Dmax of 19 occurs at approximately 2 degrees AOA.   
 
Figure 51.  On the left, the test wing used in this experiment, painted and polished to a 
smooth surface.  On the right side is a 40X photomicrograph of the baseline wing’s 
smooth polished painted surface. 
 
Figure 52.  The aerodynamic characteristics of the NACA 4418 airfoil in an infinite 
aspect ratio wing, a figure from a NACA report by Jacobs, Ward, & Pinkerton 







Lift performance of the baseline wing.  Figure 54 for the baseline wing at 
750,000 to 1.5 million Re shows CLmax is 1.43 to 1.31 at 22° to 26° AOA depending on 
airspeed.  A decrease in the slope of the linear portion of the CL curve and a gradual 
reduction in CLmax with an increase in AOA at CLmax is the normal effect of decreasing 
AR for any given wing (Abbot & Von Doenhoff, 1959).  Figure 54 shows CLmax of 1.46 
at 23 AOA for a wing of AR=6 at 3.1 million Re; this is a close similarity and is 




Drag performance of the baseline wing.  It is well known that the rates of 
change of CL and CD with AOA are influenced by AR.  Drag has two main components. 
One of these components, induced drag, is drag resulting from the production of lift, 
Figure 53.  CL vs. AOA for the baseline wing showing values expected of a low aspect 






represented by the coefficient of induced drag CDi.  The sum of all other drag producing 
effects other than lift, is the zero-lift drag, often called parasite drag, which includes skin 
friction drag, form drag, interference drag, etc.  The zero-lift coefficient of drag is 
represented by CD0.  Zero-lift drag increases proportionally to the square of the airspeed.  
Induced drag is positively correlated with CL, and for a constant weight, constant rate of 
descent condition, decreases with an increase in airspeed and a corresponding decrease in 
AOA (Abbot & Von Doenhoff, 1959).  Total drag is CD0 + CDi.  The relationship of CDi 









Which shows the inverse relationship to AR.  Thus, it is no surprise that Figure 55 shows 
that the very low AR test wing shows increased CD especially at the higher CL values.  
The increase in CD is a characteristic of a low aspect ratio wing.  Figure 55 shows the CD 
over AOA for the baseline wing with CD increasing to 0.40 or greater at CLmax.  CDmin 
occurred at the lowest AOA tested, -2 AOA.  Compared to figure 53, CDmin occurs at -2º 
and about 0.01 on the baseline vs 0.07 and -3º on the AR=6 wing.  Compared to the 
AR=6 wing at 8º AOA, the baseline CD is 0.06 vs 0.056; at 12º AOA, the baseline CD is 
0.11 vs 0.088; at 20º AOA, the baseline CD is 0.26 vs 0.20; at 28º AOA, the baseline CD 
is 0.48 vs 0.38.  The lower CD for a wing with a smaller frontal area at low lift due to the 
smaller AR and the drag rapidly increasing over the values of the high AR wing due to 
the increased vortex drag and reduced lift of the low AR wing is not unexpected.  These 






The lift-drag polar is the variation of drag coefficient as a function of lift 
coefficient often displayed along a range of AOA.  The lift-drag polar used in this study 
illustrates the relationship between CL and CD.  Generally higher CL is desirable, but it is 
usually accompanied by higher CD.  The lift-drag polar reveals explicitly the relationship 
of these key variables, as in Figure 56.  The lift-drag polar makes the effect of changes or 
differences in the CL and CD more apparent.  Maximum glide or (CL/CD)max can also be  
determined by drawing a line from the origin of the lift-drag polar graph tangent to the 
lift-drag polar curve giving the (CL/CD)max point. 
Figure 54.  CD vs. AOA for the baseline wing showing values expected of a low aspect 






(CL/CD) performance of the baseline wing.  (L/D)max, equally expressed as 
(CL/CD)max, is the point of maximum glide for a wing or aircraft.  If an aircraft is to be 
designed to maximize glide, this value is central to the problem (Raymer, 2012).  This 
value varies with Reynolds number which is a function of air temperature and density.  
The value of (CL/CD)max for this experiment over the range of airspeeds used is shown in 
Figure 57.   






The NACA study from Figure 53 shows a (L/D)max of 19 for an AR=6 wing at 
slightly more than 2° AOA and a Reynolds number of 3.1 x 106.  Mathematically, the 
















Using rough estimates for this exercise, it can be assumed that the low AR, rectangular 
test wing without any fuselage or control surfaces should have an Oswald efficiency ℯ of 
approximately 0.9 and CD0 is approximately half the minimum drag value at the 100 knot 
(L/D)max or about 0.0075.  Using the test wing AR of 2 results in:   
 

















 = 13.73                                   (24)      
 
showing a possible (L/D)max of around 14.  These equations may not be valid for a AR=2 
wing; the Oswald’s efficiency value is variable and dependent on temperature, density, 
and other conditions, and these values are all Re dependent, but the exercise to check 
these values mathematically and the fact that the equations produce results in the same 
general range of values as the experiment was a positive indication that our wing was a 
good replication of a wing with the NACA 4418 airfoil.   
The experimental values are subject to a variety of factors, among them 
calibration of the balance, and the curve fitting and estimates necessary to align the 
values read from the instruments with the calibration loads.  In this case, the balance, 
while producing highly repeatable and similar data runs, is subject to a linearization of a 
pre-calibration curve that has probably affected the absolute values of the data.  It is 
unlikely that the aspect ratio 2, rigid rectangular wing with a NACA 4418 airfoil would 
achieve a 19:1 glide ratio.  The estimation from the equation is roughly 70% of this value.  
This matches roughly with the experimental values of CL shown in Figure 54 that range 
from 14.24 at 2° AOA and a Reynolds number of 1.3 million to 19.75 at 0° AOA and 
Reynolds number of 1 million and supports the supposition that our wing and its airfoil 
are an acceptable representative of the NACA 4418 airfoil used in an AR=2 wing.  Figure 
53 shows an (L/D)max of just over 19 with an AR=6 wing at 3.1 million Re.   
This experiment attempts to create conditions and generate data concerning the 





nature of this study, how close the values collected on the test wing were to the actual 
values of the wing was largely inconsequential as long as the error in the measurements 
were generally equal across all treatments to the baseline wing and the measurements 
were reliable and repeatable.  This was one of the basic assumptions of this study, and 
every effort was made to maintain similarity of test conditions across the testing of the 
baseline test wing and all treatments.  The important data were the comparisons of the 
values, not the absolute values themselves.   
 
Comparison of Baseline Wing to Treated Wings  
The primary purpose of this study was to quantify the effects of the currently used 
materials and morphologies on lift and drag.  Comparison of the lift and drag 
performance of the test wing in the baseline condition to each of the treatments was the 
primary method of determining the overall effect of the fabrics, textiles, and 
morphologies on lift and drag.   
 
Textile and morphology characterization.  For this study, eight different 
textiles/materials were evaluated.  Three of the materials were knitted textiles/fabrics.  
Two of the materials were 2 mm thick neoprene plastic foam with a smooth outer surface 
and fabric backing as that used in scuba suits and light jackets.  The neoprene foam 
treatments differed in that one had a flat planar surface and the other had an embossed 
grid pattern on the surface.  One of the materials that was evaluated in two orientations 
was a laminated monofilm plastic sheet which is commonly used in windsurfing sails.  





sandwiched between the layers of plastic in a bilaterally symmetrical pattern.  Two 
textiles were sheet vinyl products laminated onto fabric backing with different surface 
qualities, one with a slightly bumpy surface and the other with small creases or wrinkles.  
These materials are further described in the Population/Sample paragraphs. 
Optical images of all textile samples at approximately 1-2X and 40X are included 
to help identify the surface qualities of the fabrics.  A total of nine treatments were used 
in this part of the study.  The monofilm laminate was tested in two orientations with a 90° 
difference in orientation relative to wind direction.  The wale direction of woven fabrics 
was oriented 90° to the wind direction.  The textiles tested are all commonly used in 
wingsuit construction and were identified by their generic industry names.   
Two of the fabrics are typified in the wingsuit industry as parapack fabric and are 
differentiated by the size of the yarn of which the fabric is woven.  The measurement 
used is denier which is a measure of the weight of a standard length of the yarn used.   
Denier can be used to measure a filament, or a collection of strands or filaments called a 
yarn; this structure is shown in Figure 58.  Fabrics are made from yarns or threads woven 
together.  Thread can be constructed by plying yarns to create long strands used to sew or 
weave.  Thread is measured in denier, as is yarn.   
Morphologies were modeled using combinations of textiles and the addition of 
seams and zippers in positions similar to current wingsuit constructions.  The 
examination of the morphologies proceeded in an additive stepwise manner like the 
process used in aircraft design where the aerodynamic contribution of each part of the 







combination.  The aerodynamic characteristics of each treatment and morphology tested 
was compared directly to those of the baseline wing and with other treatments. 
 
420 Denier Parapack Fabric 
The 420 denier parapack fabric was visually the roughest fabric used for wingsuit 
design; it was used in wingsuit designs for body, wing, and leading edge construction.  
The yarn used for this fabric was found to have two types.  One fabric had yarn of many 
small filaments, the other with similar sized yarn of fewer larger filaments.  The sample 
with the small filaments was the one tested, but both are shown.  Visually both fabrics 
were very similar, the version with many small filaments was softer to the touch.  The 
size of the roughness of the surface of both fabrics was similar.  Most wingsuit fabric is 
zero porosity fabric which is impermeable to air through the sheet of fabric.  This is 
usually accomplished by a thin layer of plastic adhesive on one side of the fabric 
Figure 57.  Thread made from two threads plied together, each composed of three 
yarns.  Thread, made of multiple yarns plied together producing a long, thin strand 





preventing airflow through the sheet but does not prevent infiltration of air into the weave 
of the fabric where not directly adhered to the adhesive.  The 420 denier parapack tested 
is shown in Figure 59.  This treatment was coded the 420 PP treatment. 
 
 
The other type of 420 denier parapack fabric looked very similar to the tested 
sample but was more slick to the touch.  Figure 60 is the 40X photomicrograph of the 
large filament sample.  The size of the yarn and the depth of the weave of the large 
filament sample was very similar to the tested sample, but the weave appeared to be 
tighter under magnification with less airspace between yarns.  The tested sample was 
provided by a wingsuit manufacturer, and the other sample was in use on the wing of a 
wingsuit, as shown in Figure 46. 
Figure 58.  420 denier parapack tested.  Left: 1-2x magnification of the fabric weave.  
Center: 40X magnification of the fabric showing yarns of many small fibers, the 
relative size of the yarns, and the depth of the weave.  Right: the back of the fabric 






Lift performance of the 420 parapack treatment.  Figure 61 compares the CL 
of the baseline and the 420 PP treatment.  The separation of the baseline and the 420 PP 
treatment was clear.  The 420 PP treatment significantly reduced lift.  The linear portion 
of the lift curves had a lower slope, and the lift values were well below the baseline.  Stall 
onset happened at significantly lower AOA, and CLmax was a significantly lower value.   
 







The information was expanded at each airspeed for clarity to compare CL for the 
baseline to the 420 PP treatment in Figure 62 and summarized in Table 3.  Compared to 
the baseline, the 420 PP treatment showed clear reduction in CL, at all AOAs, 27% to 
45% reductions in CLmax, and stall onset 6° to 8° AOA before the baseline. 
Table 3   
 




Δ in linear 















80  <<baseline 1.01 -27% 26° +4° 14° -6° 
100 << baseline 0.85 -37% 20° -2° 14° -6° 
120 << baseline 0.73 -45% 14° -10° 12° -8° 
140 << baseline unk unk unk unk unk unk 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 
Δ=change. 








Drag performance of the 420 PP treatment.  Figure 63 shows the plot of the CD 
of the baseline and the test wing covered with 420 PP treatment.  Drag increased 
significantly for the 420 PP treatment.  At -2° AOA, where induced drag would be very 
small, the CD increased from the baseline value of 0.018 to 0.058 for the 420 PP 
treatment, an increase of over 322%.  This was primarily an increase in parasite drag in 
the lower AOA values because induced drag is small and increases slowly at low AOA.   
Figure 61.  CL comparison of the 420 parapack treatment to the baseline wing across 







While not as obvious in Figure 63 due to overlap of the different airspeeds, when 
separated by airspeed as shown in Figure 64 and summarized in Table 4, the increase in 
CD can be seen as a consistent and significant factor for each airspeed through the full 
range of AOAs measured.  At all tested airspeeds, the 420 PP treatment CD started larger 
than the baseline, increased while converging with the baseline slightly, and remained 





















Table 4  Drag  
 
Performance of 420 PP Treatment 
 
Airspeed CD curve CDmin @ AOA CD characteristics 
80  >> baseline; 
 
.058 @ -2° 
 
baseline 
.018 @ -2° 
The 420 PP treatment CD started larger than the 
baseline, increased while converging with the 
baseline slightly, and remained significantly 
larger than, and then diverged from the baseline.  
100 >> baseline; 
 
.06 @ -2° 
 
baseline 
.015 @ -2° 
The 420 PP treatment CD started larger than the 
baseline, increased while converging with the 
baseline slightly, and remained significantly 
larger than the baseline  
120 >> baseline; 
 
.07 @ -2° 
 
baseline 
.016 @ -2° 
The 420 PP treatment CD started larger than the 
baseline, increased while converging with the 
baseline slightly, and remained significantly 
larger than the baseline 
140 >> baseline; 
 
.08 @ -2° 
 
baseline 
.022 @ -2° 
The 420 PP treatment CD started larger than the 
baseline, increased while converging with the 
baseline slightly, and remained significantly 
larger than the baseline for the measured values 








The lift-drag polar in Figure 65 shows the correlation of CL and CD.  This shows a 
clear separation of the lift-drag polar curves and would indicate the (CL/CD)max point for 





Figure 63.  CD comparison of 420 parapack treatment to the baseline wing separated 



























































(CL/CD) performance of the 420 PP treatment.  The combined (CL/CD) plots 
of the 420 parapack treatment compared to the baseline are shown in Figure 66.  The 
(CL/CD)max was significantly altered by the 420 PP treatment.  In general, the 420 PP 
treatment greatly lowered (CL/CD)max, and the AOA at which it occurs was increased 











The (CL/CD) of the 420 PP treatment compared to the baseline and separated by 
the tested airspeeds are shown in Figure 67 and summarized in Table 5.  The (CL/CD) 
performance was significantly altered by the 420 PP treatment.  The 420 PP treatment 
increased drag, reduced lift, reduced (CL/CD)max an average of 75%, and increased the 
AOA at which (CL/CD)max occurred.   
 
Note.  Δ=change. 
Table 5 
 
(CL/CD) Performance of 420 PP Treatment 
 
Air 




Δ from baseline 
AOA  
Δ from baseline 
80  5.23   8° -73% +  8° 
100 4.63 10° -77% +10° 
120 4.02 10° -78% +10° 
140 3.70 10° -74% +  8° 








210 Denier Parapack Fabric 
210 PP was the most common fabric used for wingsuit wing construction.  Yarn 
used for this fabric is half the weight of the 420 denier fabric.  Visually and to the touch 
the fabric is a tighter weave and smoother than the 420 PP fabrics tested.  This fabric was 
also zero-porosity fabric.  The 210 denier parapack fabric was coded 210 PP.  

















































































Figure 66.  (CL/CD) curves of 420 denier parapack treatment compared to the baseline 






Lift performance of the 210 PP treatment.  Figure 69 shows the plot of the CL 
of the baseline and the test wing covered with 210 PP treatment.  The 210 PP treatment 
appeared to have only a small effect on lift.  Figure 69 compares the 210 PP treatment to 
the baseline but, because of the overlap, the figure does not clearly illustrate the relative 
changes in lift.   
 
Figure 67.  Left: 210 denier parapack fabric 1-2X magnification of the fabric weave.  
Center: 40X magnification of the fabric showing smooth nylon fibers and the depth 
and tightness of the weave.  Right: the back of the fabric with zero porosity coating, 






The lift curves of the 210 PP treatment compared to the baseline and separated by 
the tested airspeeds are shown in Figure 70 and summarized in Table 6.  Separation of the 
lift curves for each airspeed showed a possible small consistent reduction in lift at the 
higher airspeeds.  The practical effect on lift appeared to be small. 
 
 
Table 6  
 




Δ in linear 
















80  = baseline 1.36 -1% 22° +0° 20° -0° 
100 <= baseline 1.29 -4% 22° +0° unk unk 
120 < =baseline unk unk unk unk unk unk 
140 <= baseline unk unk unk unk unk unk 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly 
greater than; <=slightly less than; => slightly greater than; Δ=change. 







Drag performance of the 210 PP treatment.  Figure 71 shows the plot of the CD 
of the baseline and the test wing covered with 210 parapack fabric.  While lift was 
affected only slightly for the 210 parapack treatment, the drag increased measurably.  
Discernable in the aggregate plot of Figure 71, at the lower AOA values was a significant 
difference in CD values starting at the low AOAs and diverging from the baseline with 
increasing AOA.   






Comparison of the 210 PP treatment CD to the baseline separated by airspeed is 
shown in Figure 72 and summarized in Table 7.  The increase in CD can be seen as a 
consistent and significant factor for each airspeed through the full range of AOAs 
measured.  At all tested airspeeds, the 210 PP treatment CD started larger than the 
baseline, increased while diverging from the baseline slightly, and remained significantly 
larger than the baseline.  The CD converged with the baseline somewhat at the higher 












Table 7  
 
Drag Performance of 210 PP MLE FZ Treatment 
 
Air 
speed CD curve 
CDmin @ 
AOA CD characteristics 
80  > baseline 
 
.03 @ -2° 
 
baseline 
.018 @ -2° 
The 210 PP treatment CD started larger than the 
baseline, increased while diverging from the baseline 
slightly, and remained significantly larger than, and 
then converged with the baseline at the higher AOAs.  
100 > baseline 
 
.03 @ -2° 
 
baseline 
.015 @ -2° 
The 210 PP treatment CD started larger than the 
baseline, increased while diverging from the baseline 
slightly, and remained significantly larger than, and 
then converged with the baseline at the higher AOAs.  
120 > baseline 
 
.03 @ -2° 
baseline 
.016 @ -2° 
The 210 PP treatment CD started larger than the 
baseline and increased while diverging from the 
baseline slightly over the AOAs measured.  
140 > baseline 
 
.03 @ -2° 
baseline 
.022 @ -2° 
The 210 PP treatment CD started larger than the 
baseline and increased while diverging from the 
baseline slightly over the AOAs measured. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly 















Figure 73 shows the lift-drag polar for the 210 PP treatment compared to the 
baseline and reveals a significant and consistent effect of the small decrease in lift with 
the relatively greater increase in drag across the tested airspeeds.  The 210 PP treatment 




Figure 71.  Comparison of the CD of the 210 denier parapack treatment and the baseline 







Comparison of the lift-drag polars of 210 PP treatment to the baseline separated 
by airspeed is shown in Figure 74.  There was a clear separation from the baseline in all 
cases on the inside of the baseline lift-drag polar and a gradual increase in that separation 
with increase in airspeed until the CLmax values.   
 
 




























(CL/CD) performance of the 210 PP treatment.  The (CL/CD) plots of the 210 
PP treatment compared to the baseline are shown in Figure 75.  The combined effects of 
the 210 PP treatment’s small decrease in lift and slightly larger increase in drag 
significantly reduced efficiency over the range of AOA and reduced (CL/CD)max.  The 210 




Figure 73.  Lift-drag polar comparison of 210 parapack treatment to baseline wing 







Figure 76 compares 210 parapack treatment and the baseline (CL/CD) curves 
separated by airspeeds tested, and Table 8 summarizes the data.  There was a 38% to 46% 





Table 8  
 
(CL/CD) Performance of 210 PP Treatment 
 
Airspeed (CL/CD)max  
AOA @ 
(CL/CD)max 
(CL/CD)max Δ from 
baseline 
AOA Δ from 
baseline 
80  11.79 2° -39% +2° 
100 12.29 2° -38% +2° 
120   9.65 2° -47% +2° 
140   7.62 2° -46%    0 ° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 
<=slightly less than; => slightly greater than; Δ=change. 







1.9 Oz. Ripstop Nylon Fabric 
The 1.9 oz. ripstop fabric was one of the first fabrics used for wingsuit 
construction in the earliest wingsuits, especially the arm and leg wings.  The threads and 
yarn used for this fabric were smaller than that of the parapack fabrics, as shown in 
Figure 77.  The fabric itself was significantly thinner; it is often called parachute fabric.  
Visually and to the touch the fabric has a tight weave but also has a grid of one larger 
thread that makes a square pattern which can be seen in Figure 77 and which can be felt 
Figure 75.  (CL/CD) curves of 210 denier parapack treatment compared to the baseline 







in the surface of the fabric.  This extra-large thread is what gives the fabric it’s ripstop 
quality.  The larger thread inhibits the propagation of rips in the fabric.  This fabric was 
also a zero-porosity fabric, made impermeable to the air by a thin layer of plastic film or 
adhesive on one side of the fabric.  The ripstop coating and the thinness of this fabric 
make the weave of the fabric relatively immobile; many of the threads were in contact 
with the ripstop coating and fixed in place.  This fabric was coded the 1.9 RS treatment.     
 
 
Lift performance of the 1.9 RS treatment.  Figure 78 shows the comparison of 
the CL of the baseline and the test wing covered with 1.9 RS treatment.  The 1.9 RS 
treatment had a small effect on lift.  Figure 78 does not clearly illustrate the relative 
changes in lift due to the overlap of the plotted lines.   
 
 
Figure 76.  1.9 oz. ripstop nylon fabric.  Left: 1-2X magnification of the fabric 
weave.  Center: 40X magnification of the fabric showing yarns of smooth nylon 
fibers and the depth of the weave.  Right: the back of the fabric with zero porosity 







Separating the lift curves at each airspeed tested as in Figure 79 and summarized 
in Table 9 clearly shows the lift curves were very similar with small variations in the 




Table 9  
 




Δ in linear 















80  = baseline 1.37 >1% 26° +4° 20° 0° 
100 <= baseline 1.33   1% 22° +0° unk unk 
120 < =baseline unk unk unk unk unk unk 
140 <= baseline unk unk unk unk unk unk 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater 
than; <=slightly less than; => slightly greater than; Δ=change. 







Drag performance of the 1.9 RS treatment.  Figure 80 compares the CD of the 
baseline and the 1.9 RS treatment.  The 1.9 RS treatment increased drag measurably.  
Discernable in the aggregate plot of Figure 80, at the lower AOA values was a difference 














Figure 81 shows the comparison of CD of the 1.9 RS treatment to the baseline, 
separated by airspeed. This information is summarized in Table 10.  The 1.9 RS 
treatment increase in CD was consistent and clearly visible and roughly the same for each 
airspeed through the full range of AOA measured.  The 1.9 RS treatment plots showed a 
small increase in CD at the lowest AOAs that increased with increasing AOA at a faster 















Table 10  
 
Drag Performance of 1.9 RS Treatment 
 
Airspeed CD curve CDmin @ AOA CD characteristics 
80  > 
baseline 
 
.03 @ -2° 
baseline 
.018 @ -2° 
The 1.9 RS treatment CD started equal to or slightly 
larger than the baseline, increased while diverging 




.02 @ -2° 
baseline 
.015 @ -2° 
The 1.9 RS treatment CD started equal to or slightly 
larger than the baseline, increased while diverging 




.02 @ -2° 
baseline 
.016 @ -2° 
The 1.9 RS treatment CD started larger than the 
baseline and increased while diverging from the 




.02 @ -2° 
baseline 
.022 @ -2° 
The 1.9 RS treatment CD started larger than the 
baseline and increased while diverging from the 
baseline slightly over the AOAs measured. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 






Figure 82 shows the lift-drag polar for the 1.9 RS treatment compared to the 
baseline and shows the 1.9 RS treatment starts at the same values as the baseline but 
diverges significantly from the baseline and mostly inside the baseline curve.   
 







Figure 83 shows the 1.9 RS treatment lift-drag polars separated for each tested 
airspeed.  There was clear separation of the 1.9 RS treatment lift-drag polars from the 
baseline at all airspeeds measured.  The 80 knot and 100 knot 1.9 RS treatment lift-drag 
polars tended to merge with the baseline at the higher AOA values.  The data from the 
120 knot and 140 knot trials were incomplete in the higher AOA values but were 
consistent with the lower airspeed values at the AOAs sampled.  
  







(CL/CD) performance of the 1.9 RS treatment.  The (CL/CD) plots of the 1.9 
RS treatment compared to the baseline are shown in Figure 84.  The (CL/CD)max was 
significantly altered by the 1.9 RS treatment.  The 1.9 RS treatment lowered (CL/CD)max 
approximately 40% and moved (CL/CD)max values to 1° or 2° greater AOA values.  
(CL/CD)max values ranged from 11.71 at 80 knots and 2° AOA to 9.73 at 140 knots and 0° 
AOA.  The peak of (CL/CD)max was between 0° to 2° AOA from 80 knots to 140 knots.   
Figure 82.  Lift-drag polar comparison of 1.9 RS treatment to baseline wing across 








The 1.9 RS treatment (CL/CD) curves compared with the baseline separated by the 
airspeeds tested is shown in Figure 85 and summarized in Table 11.  The 1.9 RS 
treatment (CL/CD) showed a significant and consistent reduction in (CL/CD) with the 
largest separation being at (CL/CD)max similar to the 210 PP treatment only with the larger 














Table 11  
 
(CL/CD) Performance of 1.9 RS Treatment 
 





AOA Δ from 
baseline 
80  11.62 2° -40% +2° 
100 11.71 2° -41% +2° 
120 11.59 0° -36%   0 ° 
140   9.72 0° -32%   0 ° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 
<=slightly less than; => slightly greater than; Δ=change. 
 
Figure 84.  (CL/CD) curves of 1.9 oz. ripstop treatment compared to the baseline 






2 mm Smooth Neoprene Textile 
2 mm smooth neoprene textile is a more recent entry into wingsuit construction 
used primarily on the leading edges of the arm wings.  This was a thin foam textile with a 
relatively smooth sheet surface on one side and commonly has an elastic fabric backing 
to improve the strength and tear resistance while allowing stretch of the textile.  As 
shown in Figure 86, the surface was smooth but matte; it does tend to hold wrinkles 
especially if creased or folded for extended periods of time.  2 mm smooth neoprene was 
zero-porosity due to the top or external surface skin of the textile as used in wingsuit 
construction, rather than the surface not exposed to the wind as in the woven fabric 
textiles.  Under the microscope, the surface was rougher than the polished baseline wing, 





Figure 85.  2 mm smooth surface neoprene fabric.  Left: the surface of the neoprene 






The smooth neoprene textile is commonly used on lightweight swimming and 
scuba diving apparel.  It is an option popular for its flexible qualities, often used on the 
full length or partial lengths, on the leading edges of wingsuit arm wings.  The surface 
does not feel as slick as the 210 denier parapack fabric; it has a rubbery feel of higher 
friction and was visually a matte black or dark grey surface.  In wingsuits, the flexibility 
along the arm wing is attractive because it allows the wingsuit pilot rapid easy access to 
the parachute risers and other controls without the need to spend time unzipping the arm 
wings in the event of a parachute malfunction.  It is possible that the extra elasticity of 
this textile also allows greater deformation of the leading edges in flight.  For the 
purposes of this experiment, one effect of the 2 mm smooth neoprene textile was to 
increase the thickness of the test wing.  The relatively thick neoprene textile increased the 
thickness of the airfoil from 2.16 inches to 2.32 inches at approximately 30% chord, its 
thickest point.  This was an increase of 7%, and it was likely this increase did slightly 
change the aerodynamic properties of the test wing.  This treatment was coded S 
neoprene.  
 
Lift performance of the S neoprene treatment.  Figure 87 shows the plot of the 
CL of the baseline and the S neoprene treatment.  The S neoprene treatment did not show 
a significant effect on lift in the linear portion of the lift curve but moved CLmax to greater 
values.  Because the data only had these highest AOA values for the 80 knot trial, it was 
unknown whether the other airspeeds would produce similar results for the S neoprene 
treatment but it is a likely effect.  The increase in CLmax to greater values than the baseline 






Comparison of the S neoprene treatment with the baseline separating the lift 
curves for each airspeed tested is shown in Figure 88 and summarized in Table 12.  
Figure 88 showed little difference between the S neoprene treatment and the baseline lift 
curves.  The higher CLmax of the 80 knot trial could be because of a slightly thicker wing.  
The NACA 4418 airfoil was already known for its stall resistant properties. 
Table 12  
 




Δ in linear 














80   = baseline 1.46 +7% 26° +4° 22° +2° 
100 =>baseline 1.39  +3% 22° +0° unk unk 
120 =>baseline unk unk unk unk unk unk 
140   = baseline unk unk unk unk unk unk 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 
<=slightly less than; => slightly greater than; Δ=change. 







Drag performance of the S neoprene treatment.  Figure 89 shows the CD 
comparison of the S neoprene treatment to the baseline.  While lift was generally 
unaffected for the smooth neoprene treatment, the drag increased measurably.  There was 
a readily discernable increase in CD values for the S neoprene treatment compared to the 
baseline.  The difference in CD values for the S neoprene treatment compared to the 
baseline was smaller in the low AOA values and appeared to increase with increasing 
AOA.   








 Figure 90 shows the CD comparison of the S neoprene treatment to the baseline 
separated by the airspeeds tested and was summarized in Table 13.  CD of the S neoprene 
treatment was larger than the baseline at low AOA values.  This effect may be due to the 
larger profile drag due to the thickness of the neoprene textile.  As AOA increases and 
profile drag becomes less, the S neoprene treatment shows a continuing increase in the 
difference in CD, indicating some increase in induced drag as well.  Over all airspeeds 
tested, the CD values of the S neoprene treatment consistently diverge from the baseline 


























 Figure 91 shows the lift-drag polar for the S neoprene treatment compared to 
the baseline and shows the S neoprene treatment starts at the same values as the baseline 
but diverges significantly from the baseline mostly inside the baseline curves.   
Table 13  
 
Drag Performance of S Neoprene Treatment 
 
Air 
speed CD curve 
CDmin @ 
AOA CD characteristics 
80  > baseline 
 
.03 @ -2° 
baseline 
.018 @ -2° 
The S neoprene treatment CD started slightly larger 
than the baseline, increased while diverging from the 
baseline slightly, and remained larger.  
100 > baseline 
 
.03 @ -2° 
baseline 
.015 @ -2° 
The S neoprene treatment CD started slightly larger 
than the baseline, increased while diverging from the 
baseline slightly, and remained larger. 
120 > baseline 
 
.03 @ -2° 
baseline 
.016 @ -2° 
The S neoprene treatment CD started larger than the 
baseline and increased while diverging from the 
baseline slightly, over the AOAs measured.  
140 > baseline 
 
.03 @ -2° 
baseline 
.022 @ -2° 
The S neoprene treatment CD started larger than the 
baseline and increased while diverging from the 
baseline slightly, over the AOAs measured. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 









Figure 92 shows the S neoprene treatment lift-drag polars separated for each 
tested airspeed.  There was clear separation of the S neoprene treatment lift-drag polars 
from the baseline at all airspeeds measured.  The 80 knot and 100 knot 1.9 RS treatment 
lift-drag polars cross the baseline at the higher AOA values where the S neoprene 
treatment has higher CL values.  The data from the 120 knot and 140 knot trials were 
incomplete in the higher AOA values but was consistent with the lower airspeed values at 
the AOAs sampled.  






 (CL/CD) performance of the smooth neoprene treatment.  The (CL/CD) plots 
of the S neoprene treatment compared to the baseline are shown in Figure 93.  The 
(CL/CD)max was significantly altered by the S neoprene treatment.  The S neoprene 
treatment lowered (CL/CD)max 26% to 43%.  The small differences in CL and CD caused 
significant differences in the (CL/CD) curves and in the values of (CL/CD)max. The changes 





























































Figure 91.  Lift-drag polar comparison of smooth neoprene treatment to baseline wing 







The comparison of the (CL/CD) curves of the S neoprene treatment curves 
compared with the baseline separated by the airspeeds tested is shown in Figure 94 and 
summarized in Table 14.  The S neoprene treatment (CL/CD) showed a significant and 
consistent reduction in (CL/CD) with the largest separation being at (CL/CD)max, similar to 
the 1.9 RS treatment.  
 
Table 14  
 
(CL/CD) Performance of S Neoprene Treatment 
 





AOA Δ from 
baseline 
80  11.89 2° -38% +2° 
100 11.33 2° -43% +2° 
120 12.00 2° -34% +2° 
140 10.53 2° -26%   0 ° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 



































2 mm Textured Neoprene Textile 
The 2 mm textured neoprene textile was used by wingsuit manufacturers likely as 
an attempt to reduce drag by introduction of the effect of riblets (Viswanath, 2002).  This 
was a thin foam textile exactly like the 2 mm smooth neoprene but with an embossed grid 
pattern on the smooth sheet surface of the textile.  This textile also has an elastic fabric 
backing to improve the strength and tear resistance.  As shown in Figure 95, the surface 
was the same as the smooth neoprene only with the embossed texture pattern.  It was 
Figure 93.  (CL/CD) curves of smooth neoprene treatment compared to the baseline 






zero-porosity and airtight.  Under the microscope, the surface was the same as the smooth 
neoprene in the flat areas but much rougher than the smooth neoprene in and around the 





The 2 mm thickness of the textured neoprene textile had the same effect of the 2 
mm smooth neoprene textile in significantly increasing the thickness of the test wing.  
The textured neoprene textile increased the thickness of the airfoil 7%, like the smooth 
neoprene textile, and it was likely this increase did slightly change the aerodynamic 




Figure 94.  Textured neoprene textile.  Left: 1-2X magnification of the textured surface 
with imprinted/embossed pattern.  Center: 40X magnification of the flat surface areas 





Lift performance of the T neoprene treatment.  Figure 96 shows the plot of the 
CL of the baseline and the test wing covered with T neoprene treatment.  The T neoprene 
treatment had a large effect on lift, reducing lift similar to the 420 PP treatment.  CLmax 
was significantly lower than the baseline wing, and stall onset AOA was reduced.  The T 
neoprene treatment had clear separation from the baseline.  The linear part of the lift 
curve of the T neoprene treatment had a shallower slope in the 80, 100, and 110 knot 
tests.  The linear part of the lift curve for the 140 knot test was roughly parallel to the 
curve of the baseline wing for the tested AOA.  The T neoprene treatment shifted the 










Comparison of the T neoprene treatment with the baseline, separating the lift 
curves for each airspeed tested is shown in Figure 97 and summarized in Table 15.  
Figure 97 showed the large differences between the T neoprene treatment and the 
baseline lift curves.  Lift performance gradually decreased with increased airspeed for the 
T neoprene treatment.  The T neoprene treatment also had a sharp reduction of lift with 
stall onset, which in the 80 knot and 100 knot trials was followed by a decrease in lift 
before any increase with increasing AOA occurred.  
 
 






Table 15  
 




Δ in linear 
part of curve CLmax 













80  < baseline 0.88 -35% 26° +4° 22° +2° 
100 < baseline 0.82  -39% 22° +0° 14° -6° 
120 < baseline 0.78 -41% 14° -10 14° -6° 
140 < baseline unk unk unk unk unk unk 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater 




Drag performance of the T neoprene treatment.  Figure 98 shows the plot of 
the CD of the baseline and the test wing covered with T neoprene treatment.  Drag 
increased significantly.  The difference in drag can easily be seen in the aggregate plot of 
Figure 98; at the lower AOA values there was a discernable initial 300% difference in 
drag values and an increase that was maintained at higher AOAs and airspeeds.   
 
 





 The T neoprene treatment CD separated by airspeed was compared to the baseline, 
as shown in Figure 99 and summarized in Table 16.  At low AOA, the T neoprene 
treatment CD increased by more than 300 – 400% or approximately 0.05 over the range of 
AOA.  The CD of the T neoprene treatment converges slightly with the baseline with 
increasing AOA.  This large increase in low lift condition drag was probably due to two 
effects.  The first effect was an increase in profile drag as with the smooth neoprene 
caused by the increased frontal area from the 2 mm thickness of the textured neoprene 
textile.  The second effect was an increase in surface friction drag caused by the textured 
surface.  The plots showed a relatively constant difference in drag from the baseline with 
increasing airspeed.  The textured neoprene textile does not appear to create the drag 
reducing riblet or sharkskin effect under these conditions or at the tested airspeeds 
(Viswanath, 2002).   
 
Table 16  
 
Drag Performance of T Neoprene Treatment 
 
Air 
speed CD curve 
CDmin @ 
AOA CD characteristics 
80  > baseline 
 
.05 @ -2° 
baseline 
.018 @ -2° 
The T neoprene treatment CD started larger than the 
baseline, increased while converging with the baseline 
slightly, and remained significantly larger.  
100 > baseline 
 
.05 @ -2° 
baseline 
.015 @ -2° 
The T neoprene treatment CD started larger than the 
baseline, increased while converging with the baseline 
slightly, and remained significantly larger. 
120 > baseline 
 
.06 @ -2° 
baseline 
.016 @ -2° 
The T neoprene treatment CD started larger than the 
baseline, increased while converging with the baseline 
slightly, and remained significantly larger. 
140 > baseline 
 
.06 @ -2° 
baseline 
.022 @ -2° 
The T neoprene treatment CD started larger than the 
baseline, increased while converging with the baseline 
slightly, and remained significantly larger. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 






Figure 100 shows the lift-drag polar for the T neoprene treatment compared to the 
baseline and shows the effect of the large and consistent increase in drag coupled with the 
significant decrease in lift.  The greatly reduced performance envelope was clear.  The 
treatment curve was a much smaller diameter, and the treatment curves appeared to 
diverge even further from the baseline as the airspeed increased.   
 
 
Figure 98.  CD comparison of textured neoprene treatment with baseline wing across 









(CL/CD) performance of the T neoprene treatment.  The comparison of 
(CL/CD) for the T neoprene treatment and the baseline is shown in Figure 101.  There was 
an obvious large difference in both the magnitude and position of (CL/CD)max with the 









Figure 99.  Lift-drag polar and (CL/CD)max comparison of the textured neoprene 







The (CL/CD) of the T neoprene treatment compared to the baseline and separated 
by the tested airspeeds is shown in Figure 102 and summarized in Table 17.  The (CL/CD) 
performance was significantly altered by the T neoprene treatment.  The T neoprene 
treatment increased drag, reduced lift, reduced (CL/CD)max an average 73%, and increased 
the AOA at which (CL/CD)max occurred.   
 
 
Table 17  
 
(CL/CD) Performance of T Neoprene Treatment 
 





AOA Δ from 
baseline 
80    5.91 6° -70% +6° 
100   5.08 6° -74% +6° 
120   4.48 6° -75% +6° 
140   4.13 6° -71% +4° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly 
greater than; <=slightly less than; => slightly greater than; Δ=change. 








Monofilm Laminate Textile – Crosswind Orientation 
Monofilm laminate textile was a material used on hang glider wings and 
windsurfer sails.  It is used by wingsuit manufacturers, primarily on the leading edge of 
the arm wings.  One wingsuit manufacturer uses it on the lower surface of the arm wing 
in front of the ram-air intake for inflating the wing.  This textile was two or more layers 
of plastic film with a grid of embedded fibers that can be polyester, Dacron, carbon fiber, 
or Kevlar.  The fibers make the final laminated sheet more dimensionally stable and less 
Figure 101.  (CL/CD) comparison of the textured neoprene treatment to the 







prone to stretching or distortion (United States of America Patent No. US 4679519 A, 
1987; US Patent No. US5470632 A, 1995).  
As shown in Figure 103, the material used in this study was a zero-porosity 
plastic film with a bilaterally symmetrical pattern.  Under the microscope, the plastic 
surface was very smooth with some small flaws, but the embedded yarns are thicker than 
the monofilm plastic layers and make the macroscopic surface bumpy.  The pattern of 
embedded fibers has a long axis and a short axis.  The monofilm laminate is used on 
wingsuits in two orientations.  The possible aerodynamic effect of the orientation of the 
pattern was a concern, so two orientations 90° differing in direction were investigated.  
This treatment was with the short axis of the pattern aligned with the wind, and the long 
axis was perpendicular to the wind, this treatment was coded the MLX treatment.  
 
 
Lift performance of the MLX treatment.  Figure 104 shows the comparison of 
the CL of the baseline and the MLX treatment.  The MLX treatment had a measurable 
      WIND    
Figure 102.  Monofilm Laminate treatment.  Left: 1-2X magnification showing pattern 
and wind flow direction.  Center: 40X magnification showing plastic surface and on left 






effect on lift, reducing lift in the linear portion of the lift curve.  This treatment induced 
stall earlier with a decrease in lift after stall.  It also decreased CLmax and decreased the 






Comparison of the lift curves at each airspeed increment is shown in Figure 105 
and summarized in Table 18.  The MLX treatment reduced CL across the test airspeeds, 
and CLmax occurred consistently at 18° AOA.  The 80 knot sample shows a stall and then 
a recovery to a CL value higher than the initial stall but still lower than the baseline.  The 
100 knot and 120 knot samples showed a distinct stall with reduced CL.  The 140 knot 
sample shows a possible stall onset at 16° AOA.  
 
 









Table 18  
 




Δ in linear 
















80  < baseline 1.20 -12% 30° +8°   18° -4° 
100 < baseline 1.11 -18% 18°  -4°   18° -4° 
120 < baseline 1.09 -17% 18°  -4°   18° -4° 
140 < baseline unk unk unk unk ~14° unk 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly 
greater than; <=slightly less than; => slightly greater than; Δ=change. 





Drag performance of the MLX treatment.  Figure 106 shows the comparison of 
the CD of the baseline and the MLX treatment.  There was a measurable and consistent 






Figure 107 shows the comparison of the CD of the MLX treatment to the baseline 
separated for each tested airspeed, and Table 19 summarizes the information.  All 
airspeeds show significant drag increases of the MLX treatment at low AOA values.  The 
increase was consistent across the airspeeds and appears to converge with the baseline 
drag curves at higher AOA as induced drag becomes more of a factor.   
 
 
























Figure 108 shows the lift-drag polar for the MLX treatment compared to the 
baseline.  The lift-drag polar shows a clear separation of the lift-drag polar of the MLX 
treatment and the baseline.  Together the reduction in lift and the increase in drag clearly 









Table 19  
 
Drag Performance of MLX Treatment 
Air 
speed CD curve 
CDmin @ 
AOA CD characteristics 
80  > baseline 
 
.04 @ -2° 
baseline 
.018 @ -2° 
The MLX treatment CD started larger than the 
baseline, increased while converging with the baseline 
slightly, and remained significantly larger.  
100 > baseline 
 
.04 @ -2° 
baseline 
.015 @ -2° 
The MLX treatment CD started larger than the 
baseline, increased while converging with the baseline 
slightly, and remained significantly larger. 
120 > baseline 
 
.04 @ -2° 
baseline 
.016 @ -2° 
The MLX treatment CD started larger than the 
baseline, increased while converging with the baseline 
slightly, and remained significantly larger. 
140 > baseline 
 
.04 @ -2° 
baseline 
.022 @ -2° 
The MLX treatment CD started larger than the 
baseline, increased while converging with the baseline 
slightly, and remained significantly larger. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 






The comparison of the MLX treatment lift-drag polars to the baseline separated 
by the tested airspeeds is shown in Figure 109.  The MLX treatment shows clear and 
consistent separation from the baseline and a significant decrease in performance.  The 
MLX treatment and baseline plots are very close to parallel until CLmax where the plots 
appear to diverge sharply. 
 








(CL/CD) performance of the MLX treatment.  The (CL/CD) comparison of the 
MLX treatment and the baseline is shown in Figure 110 and summarized in Table 20.  
There was significant reduction of (CL/CD) and (CL/CD)max as compared to the baseline, 
and (CL/CD)max moved to 4° AOA.  This was a smooth hard surfaced textile that is 
commonly used on hang glider leading edges and wind surfing sails but at airspeeds 
lower than 60 knots.  The Reynolds numbers of hang gliders are similar to the Reynolds 
Figure 109.  Lift-drag polar comparison of the MLX treatment to the baseline wing across 






numbers of wingsuits because of the relatively large size of hang glider wings compared 











Table 20  
 
(CL/CD) Performance of MLX Treatment 





AOA Δ from 
baseline 
80    7.62 4° -61% +4° 
100   6.78 4° -66% +4° 
120   6.41 4° -65% +4° 
140   6.33 4° -56% +2° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 
<=slightly less than; => slightly greater than; Δ=change. 
Figure 110.  Lift-drag polar and (CL/CD)max comparison of the MLX orientation 





Monofilm Laminate Textile – Downwind Orientation 
This was the same monofilm laminate textile used in the MLX treatment.  In this 
treatment, the embedded fiber pattern was oriented with the long axis of the pattern 
oriented parallel to the wind, as shown in Figure 111.  This treatment was coded the 






Lift performance of the MLV treatment.  Figure 112 shows the plot of the CL 
comparison of the baseline and the MLV treatment.  The MLV treatment had a 
significant effect on lift, reducing lift, and reducing AOA at CLmax as well as reducing 
CLmax.  This treatment showed a 15% decrease in CL and a reduction of 4° AOA with a 
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Figure 111.  Monofilm laminate treatment.  Left: 1-2X magnification showing pattern 
and wind flow direction for MLV treatment.  Center: 40X magnification showing plastic 






Figure 113 is a comparison of the CL of the MLV treatment to the MLX treatment 
and the baseline, separated by each airspeed tested, and Table 21 is a summary of the 
results.  It was believed the orientation of the pattern in the monofilm laminate could 
influence the aerodynamics of the test wing.  The effect of the pattern orientation is 
shown in Figure 113.  The CL of the MLV treatment was very slightly larger than that of 
the MLX in every tested airspeed; both were significantly less than the baseline.  For both 
treatments, stall occurred at a lower AOA and resulted in a significantly reduced CLmax.  
The MLX treatment resulted in a sharper stall and a CL smaller than the MLV treatment.  
The overall effect of the monofilm laminate pattern orientation to the wind was small but 
measurable and consistent.     
 











Table 21  
 





Δ in linear 





















80  < baseline 1.18 -14% 22°  0 18° -2 +3% 
100 < baseline 1.11 -15% 18° -4 18° -4 +3% 
120 < baseline unk unk unk unk unk unk    <= 
140 < baseline unk unk unk unk unk unk    <= 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 
<=slightly less than; => slightly greater than; Δ=change. 
Figure 113.  CL comparison of MLX treatment and MLV treatment to the baseline 






Drag performance of the MLV treatment.  Figure 114 shows the plot of the CD 
of the baseline and the MLV treatment.  There was a clear consistent increase in CD with 
application of the MLV treatment, starting at the low AOA values and continuing as 





A comparison of the CD of the MLV treatment to the MLX treatment and the 
baseline, separated by the test airspeeds is shown in Figure 115 and a summary of MLV 
drag performance is shown in Table 22.  There was a clear consistent increase in drag 
compared to the baseline.  It was believed the orientation of the pattern in the monofilm 
laminate may have made a difference in the aerodynamic response of the test wing.  The 






effect of the orientation of the pattern on drag is shown in Figure 115.  Orientation of the 
monofilm laminate had a possible small effect on CD in this experiment.  The CD data of 
the MLX treatment compared to the MLV treatment and the baseline were very slightly 
larger in all cases but was only readily discernable in the graphs in the 80 knot and 100 







Table 22  
 
Drag Performance of MLV Treatment 
 
Air 
speed CD curve 
CDmin @ 
AOA CD characteristics 
80  > baseline 
 
.03 @ -2° 
 
baseline 
.018 @ -2° 
The MLV treatment CD started larger than the baseline 
but smaller than the MLX treatment and increased to 
match MLX values while converging with the baseline 
slightly and remaining significantly larger than the 
baseline. 
100 > baseline 
 
.04 @ -2° 
baseline 
.015 @ -2° 
The MLV treatment and MLX treatment were nearly 
equal.  CD started larger than the baseline, increased 
while converging with the baseline slightly, and 
remaining significantly larger than the baseline. 
120 > baseline 
 
.04 @ -2° 
baseline 
.016 @ -2° 
The MLV treatment CD started larger than the baseline 
but smaller than the MLX treatment and increased to 
match MLX values while converging with the baseline 
slightly and remaining significantly larger than the 
baseline. 
140 > baseline 
 
.04 @ -2° 
baseline 
.022 @ -2° 
The MLV treatment CD started larger than the baseline 
but very slightly smaller than the MLX treatment and 
increased to match MLX values while converging with 
the baseline slightly and remaining significantly larger 
than the baseline. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 






Figure 116 shows the lift-drag polar for the MLV treatment compared to the 
baseline.  The lift-drag polar shows separation of the treatment from the baseline and 














Figure 117 shows the lift-drag polars for the MLV treatment compared to the 
MLX treatment and the baseline separated by tested airspeeds.  Even though the CL and 
CD differences between the MLX treatment and MLV treatment were small, the lift-drag 
polar brings out a much more easily discernable difference.  The MLV treatment clearly 
had better performance in the 80 knot, 100 knot, and 120 knot trials.  In the 140 knot trial, 














(CL/CD) performance of the MLV treatment.  The (CL/CD) comparison of the 
MLV treatment and the baseline is shown in Figure 118.  There was significant reduction 
of (CL/CD) and (CL/CD)max as compared to the baseline.  (CL/CD)max moved to 2° AOA 
compared to 0° for the baseline at 80, 100, and 120 knots and 1° at 140 knots. 
 
Figure 117.  Lift-drag polar comparison of baseline MLX treatment and MLV treatment 






(CL/CD) of the MLV treatment, the MLX treatment, and the baseline were 
compared at the tested airspeeds and are shown in Figure 119 and summarized in Table 
23.  The (CL/CD)max for both treatments was significantly lower than the baseline, and the 
MLV treatment had larger (CL/CD)max across the range of airspeeds than the MLX 
treatment.  The difference between the treatments was significant, and the values 
converged with increasing airspeed.  This is typical behavior of a contaminated airfoil 
with distributed roughness and increasing airspeed/Reynolds numbers (Timmer & 
















(CL/CD) Performance of MLV Treatment 
 















80  10.92 2° -43% +2° -17% +2° 
100   9.38 2° -53% +2° -13%   0° 
120   7.66 2° -58% +2°   -4%   0° 
140   6.87 2° -52%   0°   -4%  -2° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater 
than; <=slightly less than; => slightly greater than; Δ=change. 
Figure 119.  (CL/CD) for MLV treatment and MLX treatment compared to the baseline 






There are many types of vinyl textiles.  Vinyl coated fabrics use fabrics of a wide 
range of strength and flexibility.  The backing fabric is called scrim and is a reinforcing 
layer; this layer is attached to a sheet of PVC or other vinyl material with adhesive.  The 
scrim determines the tensile strength, elongation, tear strength, and dimensional stability 
of the textile.  The textile can be cut, sewn, glued, or welded for construction, depending 
on its structure.  This study was concerned only with the aerodynamic properties of the 
surface.  The vinyl surface can come in smooth textures that look like smooth paint or 
polished metal and virtually any other level of roughness.  Two types of vinyl textile 
were chosen for this purpose to examine surfaces that resemble those currently used for 
wingsuit flight.  The factors that might change the surface of a smooth textile are: wear 
and tear; damage such as scratches; wrinkling; abrasion; and distortion at a microscopic 
to macroscopic level; these can all significantly affect aerodynamics (Matteoni & 
Georgakis, 2012).  The surfaces selected for this experiment were chosen to examine the 
effects of specific surface conditions on the textile aerodynamics.   
 
Bumpy Surface Vinyl Textile 
This textile had a slick to the touch surface texture that was subtly bumpy, 
randomly undulating, with raised areas that differed in height less than 0.1 mm.  The 
textile has no discernable grain or direction to the texture.  Figure 120 shows the surface 
of this textile.  This represents either the use of a textile with this texture built in or the 
texture of a worn and used wingsuit surface with deformation and texture from use and 






Lift performance of the B Vinyl treatment.  Figure 121 shows the plot of the 
CL of the baseline and the B Vinyl treatment.  The B Vinyl treatment had little effect on 
lift, closely following the baseline lift curves up to CLmax.  At CLmax and beyond, the B 
Vinyl treatment decreased CL creating a deeper and more rapid reduction of lift after stall.   
Figure 120.  Bumpy vinyl textile. Left: 1-2X magnification of the surface.  Right: 
40X magnification of the surface. 
 





A comparison of the B Vinyl treatment with the baseline, separated across the 
tested airspeeds is shown in Figure 122 and summarized in Table 24.  The CL values of 
the B Vinyl treatment show very small reductions in lift which were consistent across the 
range of airspeeds.  One clear effect of the B Vinyl treatment was the more abrupt stall 







Figure 122.  CL comparison of the bumpy vinyl treatment to the baseline across the range 





Table 24  
 




Δ in linear 















80  < baseline 1.35 -1% 24° +2° 22° +2° 
100 < baseline 1.33 -1% 22°   0° 18°   0° 
120 < baseline 1.32   0% 22°  -2° 18°   0° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly 




Drag performance of the B vinyl treatment.  Figure 123 shows the plot of the 
CD of the baseline and the B Vinyl treatment.  The CD values closely followed the 










The differences in CD were small but measurable and consistent across the tested 
airspeeds as shown in Figure 124 and summarized in Table 25.  In the lower AOAs, the B 
Vinyl treatment showed a slight increase in CD relative to the baseline.  As AOA 
increased the B Vinyl treatment values crossed the baseline resulting in a small decrease 












Table 25  
 
Drag Performance of B Vinyl Treatment 
 
Airspeed CD curve CDmin @ AOA CD characteristics 
80  <>baseline 
 
.028 @ 2° 
baseline 
.018 @ -2° 
The B Vinyl treatment CD started larger than the 
baseline, decreased crossing the baseline, and 
decreased lower than the baseline at high AOA. 
100 <>baseline 
 
.023 @ 2° 
baseline 
.015 @ 2° 
The B Vinyl treatment CD started larger than the 
baseline, decreased crossing the baseline, and 
decreased lower than the baseline at high AOA. 
120 <>baseline 
 
.025 @ 2° 
baseline 
.016 @ -2° 
The B Vinyl treatment CD started larger than the 
baseline, decreased crossing the baseline, and 
decreased lower than the baseline at high AOA. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 




Figure 125 shows the lift-drag polar for the bumpy vinyl treatment compared to 
the baseline.  The aggregate lift-drag polar shows the bumpy vinyl treatment values 








The lift-drag polar comparison of the B Vinyl treatment to the baseline across the 
range of tested airspeeds is shown in Figure 126.  Separation by airspeed showed the B 
Vinyl treatment lift-drag polar consistently on or within the baseline by small values. 








(CL/CD) performance of the B Vinyl treatment.  (CL/CD) comparison of the B 
Vinyl treatment and the baseline at the tested airspeeds is shown in Figure 127.  The 
(CL/CD)max for each airspeed was a lower value than the corresponding baseline value 
and the AOA at which (CL/CD)max occurred increased.   
Figure 126.  Lift-drag polar of bumpy vinyl treatment compared to the baseline 







The (CL/CD)max comparison of the B Vinyl treatment to the baseline is shown in 
Figure 128 and summarized in Table 26.  At each airspeed was a range at the higher 
AOA where the B Vinyl treatment (CL/CD) was greater than the baseline values.  These 
ranges logically also match the ranges where the drag was a lower value than baseline 
drag values.  (CL/CD)max for the B vinyl treatment occurred at 2º greater AOA and were 
significantly lower than the baseline but also significantly better than other treatments.  














Table 26  
 
(CL/CD) Performance of B Vinyl Treatment 
 





AOA Δ from 
baseline 
80  13.48    2° -30% +2° 
100 16.09    3° -18% +3° 
120 11.74    3° -35% +3° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater 
than;>>significantly greater than; <=slightly less than; => slightly greater than; 
Δ=change. 






Wrinkled Surface Vinyl Textile 
This textile had a surface texture that was creased with shallow fissures, some 
more than an inch long, most much shorter, less than 1/10 mm deep in a random pattern 
with no discernable grain.  This textile had a fabric scrim backing, and Figure 129 shows 
the surface of this textile.  This surface represents the texture of a worn and used wingsuit 
surface with deformation and texture from use and storage.  This textile was coded the W 
Vinyl treatment.  The photomicrograph at 40X in Figure 129 shows significantly more 





Lift performance of the W Vinyl treatment.  Figure 130 shows the comparison 
of the CL of the baseline and the W Vinyl treatment.  The W Vinyl treatment CL starts 
close to the baseline and then falls slightly below the baseline lift curves, up to CLmax 
which occurs at a higher AOA but a slightly lower value than the baseline.   
Figure 129.  Wrinkled vinyl textile.  Left: 1-2X magnification of the surface.  






The CL comparison of W Vinyl treatment, the B Vinyl treatment, and the baseline 
for each airspeed tested is shown in Figure 131 and summarized in Table 27.  The plot 
showed the W Vinyl treatment values consistently slightly above the baseline at low 
AOA and then crossing the baseline to below the baseline at CLmax.  Approaching CLmax 
and beyond, the W Vinyl treatment decreased CL slightly and seemed to produce a more 













Table 27  
 




Δ in linear 















80  < baseline 1.34 -2% 24° +2° 18°  -2° 
100 < baseline 1.33 -1% 26° +4° 18°   0° 
120 < baseline 1.26 -5% 22°  -2° 18°   0° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly 





Figure 131.  CL comparison of the wrinkled vinyl treatment to the baseline across the 





Drag performance of the W Vinyl treatment.  Figure 132 shows the 
comparison of the CD of the baseline and the W Vinyl treatment.  The W Vinyl treatment 
CD values started at slightly larger values than the baseline then cross the baseline and 






The differences in CD between the W Vinyl treatment, the baseline, and the B 
Vinyl treatment were small but measurable and consistent across the tested airspeeds, as 
shown in Figure 133 and summarized in Table 28.  At the lower AOAs, the W Vinyl 
treatment showed a slight increase in CD compared to the baseline.  As AOA increased, 
the W Vinyl treatment CD decreased below the baseline and stayed greater than the B 
Vinyl treatment as AOA increased.   
 
 











Table 28  
 
Drag Performance of W Vinyl Treatment 
 
Air 
speed CD curve 
CDmin @ 
AOA CD characteristics 
80  <>baseline 
 
.02 @ -2° 
 
baseline 
.018 @ -2° 
The W Vinyl treatment CD started larger than the 
baseline, decreased crossing the baseline, and 
decreased lower than the baseline at high AOA.  The 
W Vinyl treatment CD started lower than the B Vinyl 
treatment, increased relative to the B Vinyl treatment 
crossing slightly higher from 14° to 22° AOA then 
decreased lower than the B Vinyl treatment and the 
baseline at high AOA. 
100 <>baseline 
 
.023 @ 2° 
baseline 
.015 @ 2° 
The W Vinyl treatment CD started larger than the 
baseline and equal to the B Vinyl treatment, decreased 
to and matched the baseline while remaining greater 
than the B Vinyl treatment.  At high AOA, the W 
Vinyl treatment CD dropped lower than the baseline.  
120 <>baseline 
 
.025 @ 2° 
baseline 
.016 @ -2° 
The W Vinyl treatment CD started larger than the 
baseline and equal to the B Vinyl treatment, decreased 
to and matched the baseline while remaining greater 
than the B Vinyl treatment.  At high AOA, the W 
Vinyl treatment CD dropped lower than the baseline. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 








Figure 134 shows the lift-drag polar for the W Vinyl treatment compared to the 
baseline.  The aggregate lift-drag polar shows the W Vinyl treatment values slightly 






Figure 133.  CD comparison of the wrinkled vinyl treatment to the baseline wing 







For clarity, the comparison of the W Vinyl treatment against the baseline and the 
B Vinyl treatment were separated by airspeed tested in Figure 135.  Separation by 
airspeed showed the W Vinyl treatment lift-drag polar consistently inside the baseline 
lift-drag polar curves by small values across the range of airspeeds.  Comparison of the 
W Vinyl treatment and B Vinyl treatment showed the B Vinyl treatment starting inside 
the W Vinyl treatment and crossing to outside the W Vinyl treatment.  There was a clear 
tendency for the B Vinyl treatment to drop rapidly at CLmax and a tendency for the W 
Vinyl treatment to provide a smoother more even response at CLmax.   
 
 









(CL/CD) performance of the W Vinyl treatment.  The comparison of the 
(CL/CD) of the W Vinyl treatment compared to the baseline wing is shown in Figure 136.  
The W Vinyl treatment 80 knot trial had a distinctly higher (CL/CD)max compared to the 
100 knot and 120 knot trials, which were very similar.  All W Vinyl treatments had lower 
(CL/CD)max compared to the baseline with (CL/CD)max occurring at a 2º higher AOA.   
Figure 135.  Lift-drag polar comparison of wrinkled vinyl treatment to the baseline wing 








 (CL/CD) differences between the W Vinyl treatment and the baseline separated 
at the tested airspeeds are shown in Figure 137 and summarized in Table 29.  At each 
tested airspeed there was a range at the very high AOAs either close to or after 
aerodynamic stall where the W Vinyl treatment (CL/CD) was greater than the baseline 
values.  Interestingly the W Vinyl treatment (CL/CD)max exceeded the B Vinyl treatment 
at 80 knots and 120 knots, but the B Vinyl treatment had the higher (CL/CD)max at 100 























Table 29  
 
(CL/CD) Performance of W Vinyl Treatment 
 














  B Vinyl 
80  17.54 2°   -9% +2° +21%   0° 
100 13.59 2° -31% +2°  -16%   0° 
120 13.84 2° -24% +2° +11%   0° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater 










Wingsuit Morphology Models   
Seven wingsuit morphology models were tested.  The morphologies modeled the 
construction artifacts of wingsuit wings, leading edge coverings, zippers, and seams.  The 
210 denier parapack fabric was the most commonly used fabric for wingsuit wings.  All 
morphology models were based on the 210 PP treatment.  Each artifact was tested 
separately and then combinations were tested to determine the individual and combined 
aerodynamic contributions.   
 
210 Parapack with Monofilm Leading Edge 
Monofilm leading edges have been used by the major wingsuit manufacturers.  
The monofilm leading edge is usually only a short spanwise strip on the leading edge.  
The model used for testing used a monofilm leading edge to 20% chord on the upper and 
lower surface, as in Figure 45.  This morphology was coded 210 PP MLE treatment on 
the accompanying graphs.  
 
Lift performance of the 210 PP MLE treatment.  Figure 138 shows the CL over 
AOA of the baseline and the 210 PP MLE treatment.  The 210 PP MLE treatment had a 
significant effect, reducing lift in the linear portion of the lift curve slightly but 
consistently, and reducing CLmax significantly.  The post stall values generally leveled out 











The information was expanded to display the comparison of CL at each airspeed 
in Figure 139 and summarized in Table 30.  These graphs show the 210 PP treatment had 
a small effect, decreasing lift slightly.  The 210 PP MLE treatment values were 
consistently lower values than the baseline for the linear part of the lift curve.  The 210 
PP MLE treatment showed a much more abrupt stall onset at a lower AOA with a flat or 
gradually rising CL.  CLmax values for the 210 PP MLE treatment were consistently and 








Figure 138.  CL comparison of the 210 denier parapack with monofilm leading edge 









Table 30  
 



























80  < baseline 1.21 -11% 26° -6 18° -4 -11% 
100 < baseline 1.15 -11% 26° -6 18° -4 -4% 
120 < baseline 1.14 -14% 22° -2 18° -4 unk 
140 < baseline unk unk unk unk unk unk unk 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater 
than; <=slightly less than; => slightly greater than; Δ=change. 
Figure 139.  CL comparison of the 210 parapack with monofilm leading edge treatment to 






Drag performance of the 210 parapack with monofilm leading edge treatment.  
Figure 140 shows the plot of the CD of the baseline and the 210 PP MLE treatment of the 
test wing.  The drag values at low AOA were clearly higher and closely followed the 
baseline curve with some variation at the higher AOA readings.   
 
 
The differences in drag were consistent across the tested airspeeds, as shown in 
Figure 141 and summarized in Table 31.  In all cases the treatment showed an increase in 
drag throughout the range of AOA compared to the baseline until the drag values began 
to merge at the higher AOA values.  The increases in drag values were small and 
consistent.  The 210 PP MLE treatment showed a slight and consistent reduction in drag 












Table 31  
 
Drag Performance of 210 PP MLE Treatment 
 
Air 
speed CD curve 
CDmin @ 
AOA CD characteristics 
80  > baseline; 
 < 210 PP 
.03 @  
-2° 
The 210 PP MLE treatment CD stayed between the 
baseline and the 210 PP treatment until 0.41 then 
increased sharply greater than both.  
100 > baseline; 
 < 210 PP 
.03 @  
-2° 
The 210 PP MLE treatment CD stayed between the 
baseline and the 210 PP treatment until 0.44 then 
increased sharply greater than both.  
120 > baseline; 
 < =210 PP 
.04 @  
-2° 
The 210 PP MLE treatment CD stayed between the 
baseline and the 210 PP treatment for the range tested. 
140 > baseline; 
 < 210 PP 
.04 @  
-2° 
The 210 PP MLE treatment CD stayed between the 
baseline and the 210 PP treatment for the range tested. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 
<=slightly less than; => slightly greater than; Δ=change. 
Figure 141.  CD comparison of the 210 parapack with monofilm leading edge treatment to 





Figure 142 shows the lift-drag polars for the 210 PP MLE treatment compared to 
the baseline.  The aggregate lift-drag polar shows the 210 PP MLE treatment values 






For clarity, the trials were separated by tested airspeed in Figure 143.  Separation 
by airspeed showed the 210 PP and 210 PP MLE lift-drag polars with significant 
separation from the baseline.  The interaction between the slightly reduced CL and 
slightly increased CD values gives a clear performance separation between the baseline 
and the 210 PP MLE treatment.  The differences between the 210 PP and the 210 PP 
MLE were very small and not consistent increases or decreases in performance except for 
the reduced stall AOA and significant reduction in CLmax for the 210 PP MLE treatment.   
Figure 142.  Lift-drag polar comparison of 210 parapack with monofilm leading 






(CL/CD) performance of the 210 PP MLE treatment.  The (CL/CD) plot of the 
210 PP MLE compared to the baseline wing is shown in Figure 144.  There was a clear 
separation of the (CL/CD) between the 210 PP MLE treatment and the baseline.  
Generally, the 210 PP MLE treatment values were significantly lower than the baseline, 
and (CL/CD)max occurred at 2°-3° AOA vice 0°-2° AOA for the baseline.   
Figure 143.  Lift-drag polar comparison of 210 parapack with monofilm leading edge 









The (CL/CD) plots of the 210 PP MLE treatment separated at the tested airspeeds 
are shown in Figure 145 and summarized in Table 32.  The (CL/CD) curve for the 
baseline, the 210 PP treatment, and the 210 PP MLE are shown.  The performance of the 
210 PP treatment was significantly altered by the addition of the monofilm leading edge.  
The 210 PP MLE treatment compared to the baseline reduced (CL/CD)max by 50% or more 
and increased the AOA at which (CL/CD)max occurred.  The 210 PP MLE treatment, 
compared to the 210 PP lowered (CL/CD)max 3% to 19% and had similar AOAs at which 
(CL/CD)max occurred.   












Table 32  
 
(CL/CD) Performance of 210 PP MLE Treatment 
 















80  9.67 2° -50% +2° -19% 0° 
100 9.52 2° -52% +2° -14% 0° 
120 7.66 2° -58% +2° -11% 0° 
140 7.62 2° -50 0° -3% 0° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater 
than; <=slightly less than; => slightly greater than; Δ=change. 
Figure 145.  (CL/CD) of 210 PP MLE treatment compared to the baseline over the range 





210 Parapack with Monofilm Leading Edge and Upper Surface Seam 
Wingsuits are currently made of fabric and textiles fastened together by sewing.  
Of the many methods of joining sections of fabrics together is the creation of a seam.  
Seam style, position, and orientation are choices that can have significant aerodynamic 
consequences (Brownlie, 1992; Chowdhury, et al., 2009; Chowdhury, Alam, & Subic, 
2010).  One of the most common seams in wingsuit design is a seam just aft of the 
leading edge on both the upper and lower surfaces of the arm wing.  Disruption of the 
airflow over the upper surface of a wing is known to be a significant factor in the 
aerodynamics of a wing.  Figure 146 shows a typical example of this sort of seam on an 
actual wingsuit.  The left photograph shows the seam with tension on the fabric, as it 
would be presented in flight; the right shows the size of the seam to be approximately 1.5 
mm in height.  The seam used in the model for testing the 210 parapack with  
 
Figure 146.  Wingsuit upper surface seam.  Left: a typical seam on a wingsuit with 
the fabric under tension as would be in flight; the arrow shows direction of airflow.  





monofilm leading edge and upper surface seam at 20% chord was modeled to replicate 
this seam and can be seen in Figure 46.  This treatment was coded 210 PP MLE S.   
Lift performance of 210 PP MLE S treatment.  Figure 147 shows the plot of the 
CL of the baseline and the 210 PP MLE S treatment.  The MLE treatment had a 
significant effect, reducing lift along the linear portion of the lift curve and reducing 
CLmax significantly.  The addition of the seam on the upper surface also appears to 







Figure 147.  CL comparison of the 210 parapack with monofilm leading edge and 





The information was expanded to display the CL comparison of each airspeed in 
Figure 148 and is summarized in Table 33.  These graphs compare baseline with the 210 
PP MLE treatment and the 210 PP MLE S treatment.  The 210 PP MLE S treatment 
produced CL values consistently lower than the baseline and similar to the 210 PP MLE 
treatment in the linear part of the CL curve.  At the 80 and 120 knot trials, after a sharp 
reduction in CL at stall, CL increased back to nearly the pre-stall levels and leveled off or 
slowly increased.  At the 100 knot trial, stall occurred at 4º lower AOA, with a sharp 
reduction in CL, but then CL gradually climbed to levels above the initial stall value.  This 
sort of instability and inconsistency in the lift response of a wing is an undesirable 







Table 33  
 




Change in linear 



















80  < baseline 
<210 PP MLE 
1.14  -17% 18° -4° 18° -4 -3% 
100 < baseline 
<210 PP MLE 
1.13 -16% 30° +4° 
 
14° -8 -8% 
120 < baseline 
<=210 PP MLE 
1.11 -16% 18° -6° 
 
18° -6 -2% 
140 < baseline 
<=210 PP MLE 
unk unk unk unk 14°? unk unk 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater 







The irregular aerodynamic response where stall AOA varied with changes in 
airspeed could have been due to the formation of separation bubbles on the surface of the 
wing where flow separates into areas of turbulent flow detached from the wing surface 
which can also then reattach with changes in airspeed, Reynolds numbers, ambient 
turbulence, and other chaotic factors.  These bubbles of disturbed air can be stable, 
unstable, or transient and can significantly change the airflow around a wing (Choudhry, 
Arjomandi, & Kelso, 2015).    
Figure 148.  CL comparison of the 210 parapack with monofilm leading edge treatment to 





Drag performance of the 210 PP MLE S treatment.  Figure 149 shows the plot 
of the CD of the baseline and the 210 PP MLE S treatment.  The CD values at low AOA 
were significantly higher and generally paralleled the baseline curve with some variation 





The differences in CD were measurable and consistent across the tested airspeeds, 
as shown in Figure 150 and summarized in Table 34.  In all cases, the 210 PP MLE S 
treatment showed CD changes through the range of AOA relative to the baseline and the 
210 PP MLE treatment.  The 210 PP MLE S treatment CD values, compared to the 
baseline were higher at low AOA and converged with the baseline with increasing AOA.  
Figure 149.  CD comparison of the 210 parapack with monofilm leading edge and 





Compared to the 210 PP MLE treatment values, the changes in CD of the 210 PP MLE S 








Table 34  
 
Drag Performance of 210 PP MLE Treatment 
 
Air 
speed CD curve 
CDmin @ 
AOA CD characteristics 
80  > baseline; 
><210 PP MLE 




.018 @  
-2° 
The 210 PP MLE S treatment CD started larger than 
both the baseline and the 210 PP MLE treatment, 
then decreased below the 210 PP MLE at 10° AOA, 
decreased below the baseline at 18° AOA, then 
increased to equal the 210 PP MLE from 22-26°, 
then stayed equal to the baseline and well below the 
210 PP MLE. 
100 > baseline; 
> <210 PP MLE 
.05 @  
-2° 
baseline 
.015 @  
-2° 
The 210 PP MLE S treatment CD started larger than 
both the baseline and the 210 PP MLE treatment, 
then decreased to equal the 210 PP MLE from 18-
26° AOA, then decreased below the 210 PP MLE. 
120 > baseline; 
>= 210 PP MLE 




.016 @  
-2° 
The 210 PP MLE S treatment CD started larger than 
both the baseline and the 210 PP MLE treatment, 
then decreased gradually to just greater than the 210 
PP MLE, the baseline and 210 PP MLE separate 
decreasing from 18-26° AOA, then all three rejoin 
essentially equal 
140 > baseline; 
><210 PP MLE 
.06 @  
-2° 
baseline 
.022 @  
-2° 
The 210 PP MLE S treatment CD started larger than 
both the baseline and the 210 PP MLE treatment, 
then decreased below the 210 PP MLE at 10° AOA, 
then increased above the 210 PP MLE at 16° AOA. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 








Figure 151 shows the lift-drag polars for the 210 PP MLE S treatment compared 
to the baseline.  The aggregate lift-drag polar showed the treatment values generally well 
below and separate from the baseline with significant reductions in the upper portion of 
the curve.  The 210 PP MLE S treatment lift-drag polar curves also showed the instability 




Figure 150.  CD comparison of the 210 parapack with monofilm leading edge and seam 







For clarity, the values were separated by airspeed in Figure 152.  Separation by 
airspeed showed the 210 PP MLE S treatment lift-drag polar with significant separation 
from the baseline.  When compared to the 210 PP MLE treatment, the values are very 
close until the CLmax values.  The 210 PP MLE S treatment values then drop significantly 
and include a large transient dip that takes values well below the 210 PP MLE treatment 






Figure 151.  Lift-drag polar comparison of the 210 parapack with monofilm 









(CL/CD) performance of the 210 PP MLE S treatment.  The (CL/CD) plot of the 
210 PP MLE S treatment compared to the baseline wing is shown in Figure 153.  There 
was a clear separation of the (CL/CD) curves between the 210 PP MLE S treatment and 
the baseline.  The 210 PP MLE S treatment values were significantly lower than the 
baseline, and (CL/CD)max occurred at 6° AOA vice 0° to 2° AOA for the baseline.   
  
Figure 152.  Lift-drag polar comparison of 210 parapack with monofilm leading edge 
treatment and seam on upper surface at 20% chord to the baseline wing across the 






The (CL/CD)max plot of the 210 PP MLE S treatment separated for the tested 
airspeeds are shown in Figure 154 and summarized in Table 35.  The (CL/CD) curves for 
the baseline, the 210 PP MLE treatment, and the curve for the 210 PP MLE S treatment 
are all shown.  The 210 parapack covered wing was significantly altered by the addition 
of the monofilm leading edge and then again by the addition of the seam.  In general, the 
monofilm leading edge lowered (CL/CD), and the addition of the seam lowered it further.  
The addition of the seam clearly further degraded potential glide performance at all 





Figure 153.  (CL/CD) for 210 parapack with monofilm leading edge and 









Table 35  
 
(CL/CD) Performance of 210 PP MLE Treatment 
 















80  7.94 6° -59% +6° -18% +4° 
100 7.36 6° -63% +6° -23% +4° 
120 6.70 6° -63% +6° -13% +4° 
140 5.99 6° -58% +4° -17% +4° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater 
than; <=slightly less than; => slightly greater than; Δ=change. 
Figure 154.  (CL/CD)max for 210 parapack with monofilm leading edge and upper 
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210 PP MLE 120




















210 PP MLE 140





Wingsuit Arm-wing and Zipper Morphology 
Large sturdy zippers are a signature feature of current wingsuit construction.  The 
robust zippers are required to hold the structure of the wingsuit together under the 
stresses of flight while providing for donning and doffing the wingsuit.  The zippers must 
be readily available and easily operated by the pilot without failure or jamming to rapidly 
release the restraints of the wingsuit upon parachute opening so the pilot can deal with 
parachute malfunctions and other emergency procedures in flight.  This requires the 
zippers be mounted externally with wide margins between the seams so fabric does not 
interfere with their operation.  The requirement for rapid, flawless operation of the 
zippers is a primary factor in their orientation and installation.   
The position and orientation of the zippers relative to the airflow can have 
significant aerodynamic effects.  One of the most common zipper morphologies in 
wingsuit design is a large zipper just aft of the leading edge on the lower surface of the 
arm wing.  At the high angles of attack at which wingsuits currently fly and with the large 
diameter leading edge radii common to wingsuit construction, the aerodynamic 
stagnation point for the arm wing leading edge could be near or even aft of the arm wing 
zipper.  The attachment or separation of the airflow over the upper surface of a wing is 
known to be sensitive to disruption at the stagnation point (Arena & Mueller, 1980).  
Figure 155 shows a typical example of a wingsuit arm wing zipper installation.  The left 
side shows the zipper on the lower surface of the arm wing, and the right side shows the 
profile of the zipper as presented to the airflow.  Figures 5, 17, and 19 clearly show 









210 PP MLE FZ morphology.  It was suspected that the arm-wing zipper was 
close to the stagnation point of the arm-wing.  Since this was an area of potentially 
significant aerodynamic effect, it was decided to investigate two zipper morphologies.  
First a model was tested with the zipper placed at 10% of chord on the lower surface of 
the test wing covered with 210 denier parapack and with a monofilm leading edge to 20% 
chord on the top and bottom in approximately the position currently used in wingsuit 
construction.  This model was called the forward zipper model, coded 210 PP MLE FZ.  
A second model was tested with the zipper moved aft on the lower surface to 20% chord 
to test for any significant effect.  This model was called the aft zipper model, coded 210 
PP MLE AZ.  The results of these tests are shown in the following paragraphs.  Figure 47 
shows the position of the zipper morphology for the 210 PP MLE FZ treatment. 
Figure 155.  Wingsuit arm wing zipper installation.  Left: position and size of zipper on 
lower surface of arm wing leading edge-- coin included for scale.  Right: profile of 





Lift performance of 210 PP MLE FZ.  Figure 156 shows the comparison of the 
CL of the baseline and the 210 PP MLE FZ treatment.  CL of the 210 PP MLE FZ 
treatment was clearly lower than that of the baseline on the linear part of the lift curve.  
CLmax decreased approximately 19% across all airspeeds, and the AOA at which CLmax  
occurred decreased from 22° to 18°.  The 210 PP MLE FZ treatment had a consistent stall 
at 18° from which the CL dropped approximately 9% and then increased to levels above 
the initial stall.  At 30° The post stall values increased to values approximately 12% 





Figure 156.  CL comparison of the 210 parapack with monofilm leading edge and 





Figure 157 shows a comparison of CL at each airspeed for the baseline, 210 PP 
MLE treatment, and the 210 PP MLE FZ treatment and is summarized in Table 36.  The 
210 PP MLE FZ treatment showed a sharp reduction in lift at 18° AOA which at 80, 100, 
and 120 knots gradually recovered to higher CL as AOA increased but not before a 





Figure 157.  CL comparison of the 210 parapack with monofilm leading edge and forward 








Drag performance of the 210 PP MLE FZ treatment.  Figure 158 shows the plot 
of the CD of the baseline and the 210 PP MLE FZ treatment.  The drag values at low 
AOA were clearly higher and decreased slightly before starting to increase the baseline 
curve until the higher AOAs.  This was likely due to the increased profile drag caused by 
the exposed zipper at low AOAs.  As AOA increased and the zipper profile was eclipsed 
by the wing, the drag was reduced to the smaller increases in friction drag and other drag 
caused by the zipper.  The drag increase then gradually merged at high values with the 
baseline.  At low AOA, the drag was more than 400% greater than the baseline.  
 
Table 36  
 





Δ in linear part 





















80  < baseline 
<=210 PP MLE 
1.14 -17% 30° +8° 18° -4° -6% 
100 < baseline 
=210 PP MLE 
1.11 -18% 30° +8° 18° -4° -10% 
120 < baseline 
=210 PP MLE 
1.11 -16% 18° -6° 
 
18° -6° -3% 
140 < baseline 
=210 PP MLE 
1.04 unk 18° unk 18° -6° unk 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 








The differences in drag were measurable and consistent across the tested 
airspeeds, as shown in Figure 159 and summarized in Table 37.  In all cases, the 210 PP 
MLE FZ treatment showed an up to 300% to 400% significantly greater CD at -2° AOA, 
a short decrease in CD to 2° AOA, and then a gradual increase until the values merged 
with both the baseline and the 210 PP MLE values at high AOA.  In the mid- range 
AOAs the 210 PP MLE FZ treatment drag values were consistently slightly less than the 






Figure 158.  CD comparison of the 210 parapack with monofilm leading edge and 





Table 37  
 
Drag Performance of 210 PP MLE FZ Treatment 
 
Airspeed CD curve 
CDmin @ 
AOA CD characteristics 
80  > baseline; 
><210 PP MLE 




.018 @  
-2° 
The 210 PP MLE FZ treatment CD started larger 
than both the baseline and the 210 PP MLE 
treatment, decreased before increasing, then 
converged going below the 210 PP MLE at 6° 
AOA, became roughly equal to the baseline at 
18° AOA, then increased to equal the 210 PP 
MLE at 26°AOA, then remained below the 210 
PP MLE. 
100 > baseline; 
> <210 PP MLE 
.04 @  
+2° 
baseline 
.015 @  
-2° 
The 210 PP MLE FZ treatment CD started larger 
than both the baseline and the 210 PP MLE 
treatment, then decreased before increasing, and 
rose to equal the 210 PP MLE from 10-26° 
AOA, then went below the 210 PP MLE. 
120 > baseline; 
>= 210 PP MLE 




.016 @  
-2° 
The 210 PP MLE FZ treatment CD started larger 
than both the baseline and the 210 PP MLE 
treatment, then decreased before increasing, and 
merged gradually until at 10° AOA it was 
essentially equal to the 210 PP MLE, both then 
merging with the baseline at 22° AOA. 
140 > baseline; 
><210 PP MLE 
.06 @  
+2° 
baseline 
.022 @  
-2° 
The 210 PP MLE FZ treatment CD started larger 
than both the baseline and the 210 PP MLE 
treatment, then decreased before increasing, then 
merged with the 210 PP MLE at 10° AOA, then 
dropped below the 210 PP MLE to 18° AOA. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 








Figure 160 shows the lift-drag polars for the 210 PP MLE FZ treatment compared 
to the baseline wing.  The aggregate lift-drag polars show the values of the 210 PP MLE 
FZ treatment well below and separate from the baseline with significant increases in drag 
in the lower portion of the curves and reductions in lift in the upper portion of the curve.   
 
   
Figure 159.  CD comparison of the 210 parapack with monofilm leading edge treatment 









For clarity, the drag polar values were separated by airspeed in Figure 161.  
Separation by airspeed showed the 2210 PP MLE FZ treatment lift-drag polars with 
significant separation from the baseline.  When compared to the 210 PP MLE treatment, 
the 210 PP MLE FZ treatment drag values are significantly higher at low AOA then the 
values converge until CLmax.  The forward zipper treatment values then drop significantly 





Figure 160.  Drag polar comparison of 210 parapack with monofilm leading 








(CL/CD) performance of the 210 PP MLE FZ treatment.  The (CL/CD)max plot of 
the 210 PP MLE FZ treatment compared to the baseline wing is shown in Figure 162.  
There was clear separation of (CL/CD)max between the 210 PP MLE FZ treatment and the 
baseline.  Generally, the 210 PP MLE FZ treatment values were significantly lower than 
the baseline and (CL/CD)max occurred at 6° AOA vice 0° to 2° AOA for the baseline.  
 
Figure 161.  Drag polar comparison of 210 parapack with monofilm leading edge 






The (CL/CD) plots of the 210 PP MLE FZ treatment compared to the baseline and 
the 210 parapack with monofilm leading edge, separated for the tested airspeeds, are 
shown in Figure 163 and summarized in Table 38.  The (CL/CD) performance was 
significantly altered by the addition of the forward zipper.  The 210 PP had a large effect 
on the (CL/CD) of the baseline wing.  The addition of the monofilm leading edge lowered 
(CL/CD) performance, and the forward zipper lowered it further.  The addition of the 
forward zipper reduced lift, increased drag, reduced (CL/CD)max, increased the AOA 






Figure 162.  (CL/CD) for 210 parapack with monofilm leading edge and 








Table 38  
 
(CL/CD) Performance of 210 PP MLE FZ Treatment 
 
Air 











210 PP MLE 
AOA Δ from  
210 PP MLE 
80  8.43 6° -56% +6° -6% +4° 
100 7.71 6° -61% +6° -13% +4° 
120 7.16 6° -60% +6° -8% +4° 
140 6.34 6° -55% +4° -5% +4° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 
<=slightly less than; => slightly greater than; Δ=change. 
Figure 163.  (CL/CD)max for 210 parapack with monofilm leading edge and forward 
zipper at 10% chord on the lower surface treatment compared to 210 PP MLE treatment 





210 PP MLE AZ treatment.  Figure 48 shows the morphology of the zipper 
installed on the test wing for the 210 PP MLE AZ treatment.  Moving the zipper aft was 
considered a potential improvement over current designs by moving the disturbance 
caused by the zipper near the stagnation point of the leading edge to a position further 
from the stagnation point of the wing at high AOA.  
 
Lift performance of 210 PP MLE AZ.  Figure 164 shows the comparison of the 
CL of the baseline and the 210 PP MLE AZ treatment.  CL values of the 210 PP MLE AZ 
treatment were lower with a shallower slope compared to the baseline.  As AOA 
increased toward stall the CL values of the 210 PP MLE AZ treatment decreased 
significantly relative to the baseline.  There was a distinct separation of the resulting 
curves.  CL values at low AOA for the tested airspeeds were slightly lower in the linear  
 
Figure 164.  CL comparison of the 210 parapack with monofilm leading edge and 





part of the CL curve.  The 80 and 100 knot curves are similar up to and during the stall.  
The 120 knot curve stalled earlier and dipped to a much lower value showing 
aerodynamic instability that varies with airspeed, an undesirable characteristic.   
  The information was expanded to display the comparison of CL at each airspeed 
for the 210 PP MLE AZ treatment, as compared to both the baseline and the 210 PP MLE 
FZ treatment in Figure 165 and summarized in Table 39.  These graphs show the 210 PP 
MLE AZ treatment had consistently lower CL than the baseline with a shallower slope, 
similar to the 210 PP MLE FZ treatment in the linear part of the lift curve.  CLmax was 
significantly higher than the 210 PP MLE FZ at 80 knots and 100 knots.  The 210 PP 
MLE AZ treatment had a typical CL curve at 80 knots and 100 knots with values lower 
than the baseline and CLmax occurring at higher AOA compared to the baseline.  The 210 
PP MLE AZ treatment did not show the rapid decrease in CL at 18° with the gradual 
increase in CL which was seen in the 210 PP MLE FZ.  At 120 knots and 140 knots, the  
 
Table 39  
 





Δ in linear part 





















80  < baseline 
>=210 PP MLE 
1.25 -9% 26° +4° 18° -0° +8% 
100 < baseline 
<=210 PP MLE 
1.25 -7% 26° +4° 18° -4° +11% 
120 < baseline 
<=210 PP MLE 
1.10 -17% 26° +2° 
 
14° -6° 0% 
140 < baseline 
<=210 PP MLE 
unk unk unk unk 14° -4° unk 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 







210 PP MLE AZ treatment and 210 PP MLE FZ treatment showed similar characteristics 
with the stall at 18° AOA followed by significant decrease in CL.  
 
Drag performance of the 210 PP MLE AZ treatment.  Figure 166 shows the plot 
of the CD of the baseline and the 210 PP MLE AZ treatment.  The drag values at low 
AOA were clearly separated with the aft zipper drag values significantly higher than the 
Figure 165.  CL comparison of the 210 parapack with monofilm leading edge and aft 






baseline curve until the higher AOAs.  The CD values were high at -2° AOA, decreased 
slightly to 2° AOA, and then increased gradually from there.   
 
The differences in drag were measurable and consistent across the tested 
airspeeds, as shown in Figure 167 and summarized in Table 40.  In all cases, the 
treatment showed a significantly greater CD at low AOA up to 500% greater and a slower 
increase than the baseline.  The CD of the 210 PP MLE AZ treatment was similar to the 
210 PP MLE FZ treatment results across the full range of tested airspeeds with only small 
variations.  It is noted that the 210 PP MLE AZ treatment did consistently have drag 




Figure 166.  CD comparison of the 210 parapack with monofilm leading edge and 









Table 40  
 
Drag Performance of 210 PP MLE AZ Treatment 
 
Air 
speed CD curve 
CDmin @ 
AOA CD characteristics 
80  > baseline; 
><210 PP MLE 




.018 @  
-2° 
The 210 PP MLE AZ treatment CD started larger 
than both the baseline and the 210 PP MLE 
treatment and decreased before increasing, then 
converged going slightly below the 210 PP MLE FZ 
at 18° AOA to 28° AOA, then increased to go above 
the 210 PP MLE AZ treatment. 
100 > baseline; 
> <210 PP MLE 
.06 @  
+2° 
baseline 
.015 @  
-2° 
The 210 PP MLE AZ treatment CD started larger 
than the baseline and slightly lower than the 210 PP 
MLE FZ treatment, then decreased before increasing 
and rose parallel to and just below the 210 PP MLE 
FZ to 28° AOA. 
120 > baseline; 
>= 210 PP MLE 
.06 @  
+2° 
baseline 
.016 @  
-2° 
The 210 PP MLE AZ treatment CD started larger 
than the baseline and slightly lower than the 210 PP 
MLE FZ treatment, then decreased before 
increasing, and rose parallel to and just below the 
210 PP MLE FZ to 22° AOA, then equal or below 
the 210 PP MLE FZ. 
140 > baseline; 
><210 PP MLE 
.06 @  
+2° 
baseline 
.022 @  
-2° 
The 210 PP MLE AZ treatment CD merged with the 
210 PP MLE FZ treatment CD started larger than 
both the baseline then decreased before increasing at 
a level significantly greater than the baseline.  
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 









Figure 168 shows the lift-drag polars for the 210 PP MLE AZ treatment compared 
to the baseline wing.  The aggregate lift-drag polar shows the 210 PP MLE AZ treatment 
values generally below and separate from the baseline with a distinct difference in the 80 
knot and 100 knot results in the upper portion of the curve.  The 120 knot and 140 knot 
trials show a result much more like the 210 PP MLE FZ treatment.   
 
Figure 167.  CD comparison of the 210 parapack with monofilm leading edge treatment to 







For clarity, the lift-drag polar values were separated by airspeed in Figure 169.  
Separation by airspeed showed the 210 PP MLE AZ treatment lift-drag polars with 
significant separation inside the baseline curves.  When compared to the 210 PP MLE FZ 
treatment, the 80 knot and 100 knot values did not stall as early and dip to the low values 
of the 210 PP MLE FZ treatment trials.  The 120 knot and 140 knot trials for the 210 PP 
MLE AZ treatment did closely follow the values of the 210 PP MLE FZ treatment.   
 
 
Figure 168.  Drag polar comparison of 210 parapack with monofilm leading 







(CL/CD) performance of the 210 PP MLE AZ treatment.  The (CL/CD)max plot of 
the 210 PP MLE AZ treatment compared to the baseline wing is shown in Figure 170.  
There was a clear separation of the (CL/CD)max between the treatment and the baseline.  
Generally, the 210 PP MLE AZ treatment values were significantly lower than the 
baseline, and (CL/CD)max occurred at 6° AOA vice 0° to 2° AOA for the baseline.  
Figure 169.  Drag polar comparison of 210 parapack with monofilm leading edge 
treatment and aft zipper to the forward zipper treatment and baseline wing across the 







The (CL/CD) plots of the 210 PP MLE AZ treatment compared to the baseline and 
the 210 PP MLE FZ treatment separated for the tested airspeeds are shown in Figure 171 
and summarized in Table 41.  The (CL/CD) plots of the 210 PP MLE AZ treatment were 
very close to those of the 210 PP MLE FZ treatment.  (CL/CD)max values of the 210 PP 
MLE FZ treatment and 210 PP MLE AZ treatment were nearly equal, the 210 PP MLE 
AZ treatment showed a consistent small improvement in efficiency at (CL/CD)max and at 
the higher AOAs compared to the 210 PP MLE FZ at 80 knots and 100 knots but not at 





Figure 170.  (CL/CD) for the 210 parapack with monofilm leading edge and aft 







Table 41  
 
(CL/CD) Performance of 210 PP MLE FZ Treatment 
 
Air 










from 210 PP  
MLE FZ 
AOA Δ from  
210 PP MLE 
FZ 
80  9.01 6° -53% +6° +3% 0° 
100 7.83 6° -60% +6° +1% 0° 
120 6.98 6° -61% +6° -1% 0° 
140 6.01 6° -58% +4° -3% 0° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater 
than; <=slightly less than; => slightly greater than; Δ=change. 
Figure 171.  (CL/CD)max for 210 parapack with monofilm leading edge and zipper at 20% 







Current wingsuit morphology of 210 parapack with monofilm leading edge, forward 
zipper, and upper seam.  This morphology combines the features of current wingsuit 
design in a configuration that mimics as closely as possible current wingsuit arm-wing 
morphologies.  The morphology was a 210 parapack covered wing, with a monofilm 
leading edge to 20% chord on top and bottom, a wind facing seam on the upper surface at 
20% chord, and a zipper on the lower surface at 10% chord.  Figure 49 shows the profile 
of the test configuration coded on graphs as 210 PP MLE FZ S.   
 
Lift performance of 210 PP MLE FZ S treatment.  Figure 172 shows the plot of 
the CL of the baseline and the 210 PP MLE FZ S treatment.  CL of the 210 PP MLE FZ S 
treatment was slightly lower than the baseline for the linear portion of the CL curve.  The 
80 knot and 100 knot values stalled at 14°; the CL values dropped sharply and then 
gradually rose to a higher CL.  The 120 knot trial exhibited an interesting characteristic.  
The CL of the 120 knot trial continued upward until stalling at 18°, dipping down to the 
values similar to the other airspeeds and then going well above those values before 
ending at a CL value close to the lower airspeed trials.  Figure 172 illustrates this 
phenomenon.  CLmax values at the first stall of the 210 PP MLE FZ S treatment were 
significantly lower than the baseline CLmax values.  The 210 PP MLE FZ S treatment CL 
values gradually climbed from the lowest post stall values to a value 14% lower than the 
baseline value at the same AOA.  At the final 30 AOA value, the 210 PP MLE FZ S 







The information was expanded to display the comparison of CL at each airspeed 
for the 210 PP MLE FZ S treatment in Figure 173 and Table 42.  These graphs show the 
210 PP MLE FZ S treatment had consistently lower CL than the baseline, like the 210 PP 
MLE FZ treatment.  The 210 PP MLE FZ S treatment reached stall conditions 
significantly earlier than the 210 PP MLE FZ treatment except at the 120 knot trial where 
the 210 PP MLE FZ S treatment stalled and unstalled chaotically at the 18° AOA value.  
The 140 knot data were truncated due to wind tunnel capability, but it appeared that the 




Figure 172.  CL comparison of the 210 parapack with monofilm leading edge, 





Table 42  
 
























80  < baseline 
=210 PP MLE FZ 
1.16 -15% 30° +8° 14° -6° +2% 
100 < baseline 
<=210PP MLE FZ 
1.13 -16% 30° +8° 14° -6° +3% 
120 < baseline 
=210 PP MLE FZ 
1.19 -10% 30° +8° 
 
18° -4° 0% 
140 < baseline 
=210 PP MLE FZ 
unk unk unk unk 14° unk unk 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 
<=slightly less than; => slightly greater than; Δ=change. 
 
Figure 173.  CL comparison of the 210 parapack with monofilm leading edge, forward 
zipper and upper seam treatment, to the 210 parapack with monofilm leading edge and 





Drag performance of the 210 PP MLE FZ S treatment.  Figure 174 shows the 
plot of the CD of the baseline and the wingsuit treatment.  The drag values at low AOA 
were clearly and significantly higher, decreasing until 2º AOA and increasing gradually, 




The differences in CD were measurable and consistent across the tested airspeeds, 
as shown in Figure 175 and summarized in Table 43.  In all cases, the 210 PP MLE FZ S 
treatment showed a CD significantly greater at low AOA than both the baseline and the 
210 PP MLE FZ treatment.  The CD of the 210 PP MLE FZ S treatment was consistently 
higher than the 210 PP MLE FZ treatment until the higher AOAs.  The spanwise seam 
would logically be the source of this increased drag both at the low AOA values where it 
Figure 174.  CD comparison of the 210 parapack with monofilm leading edge, forward 






would increase profile drag and at midrange AOAs where it could interfere with airflow, 
creating separation bubbles and promoting early separation of the smooth airflow over 
the top of the wing.  There was a consistent tendency for the CD values of the 210 PP 
MLE FZ S treatment to drop below both the baseline and the 210 PP MLE FZ treatment’s 
CD values after the stall.  This is possibly due to the seam acting as a fixed point for flow 




Table 43  
 
Drag Performance of 210 PP MLE FZ Treatment 
 
Airspeed CD curve 
CDmin @ 
AOA CD characteristics 
80  >> baseline; 
>210 PP MLE 
FZ S 
.08 @  
+2° 
baseline 
.018 @  
-2° 
The 210 PP MLE FZ S treatment CD started 
larger than both the baseline and the 210 PP 
MLE treatment and decreased before increasing, 
then converged with the 210 PP MLE FZ at 26° 
AOA to 30° AOA. 
100 > baseline; 
><210 PP MLE 
FZ S 
.07 @  
+2° 
baseline 
.015 @  
-2° 
The 210 PP MLE FZ S treatment CD started 
significantly larger than the baseline and the 210 
PP MLE FZ treatment, then decreased before 
increasing, and rose parallel to and greater than 
the 210 PP MLE FZ to 26° AOA where it 
dropped slightly below until 30° AOA. 
120 > baseline; 
>= 210 PP MLE 
FZ S 
.07 @  
+2° 
baseline 
.016 @  
-2° 
The 210 PP MLE FZ S treatment CD started 
significantly larger than the baseline and the 210 
PP MLE FZ treatment, then rose parallel to and 
just above the 210 PP MLE FZ to 26° AOA, 
then slightly below the 210 PP MLE FZ. 
140 > baseline; 
>210 PP MLE 
FZ S 
.08 @  
+2° 
baseline 
.022 @  
-2° 
The 210 PP MLE FZ S treatment CD started 
significantly larger than the baseline and the 210 
PP MLE FZ treatment, then rose parallel to and 
just above the 210 PP MLE FZ to 18° AOA. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 







Figure 176 shows the lift-drag polars for the 210 PP MLE FZ S treatment 
compared to the baseline wing.  The aggregate lift-drag polar shows the 210 PP MLE FZ 
S treatment values significantly below and separate from the baseline with a distinct 
difference in the upper portion of the curve.  The 120 knot trial shows the single high 
point in the upper part of the curve.  This point was intermittent and chaotic during 
measurement and sensitive to small perturbations of airspeed or AOA.  This sort of 
chaotic instability was likely a result of forming and dissipating separation bubbles on the 






upper surface of the wing that were particularly sensitive to this combination of 




For clarity, the lift-drag polar values were separated by airspeed in Figure 177.  
Separation by airspeed showed the 210 PP MLE FZ S treatment lift-drag polars with 
significant separation from the baseline and consistently inside the 210 PP MLE FZ 
treatment until AOAs reached the post stall values.  The 120 knot 210 PP MLE FZ S 
treatment values showed the increase in stall AOA, but the values remained well inside 
the 210 PP MLE FZ treatment until the post stall AOAs where the loss of lift and high 
drag manifests as a large reduction in performance significantly before the other cases.    
The 140 knot trial, though truncated, shows similar patterns to the rest of the runs.   
Figure 176.  Drag polar comparison of 210 parapack with monofilm leading edge, 










(CL/CD) performance of the 210 PP MLE FZ S treatment.  The (CL/CD) of the 
210 PP MLE FZ S treatment compared to the baseline wing is shown in Figure 178.  
There was a clear separation of the (CL/CD)max between the 210 PP MLE FZ S treatment 
and the baseline.  The treatment (CL/CD) values were significantly lower than the 
baseline, and (CL/CD)max occurred at 6° to 10°AOA vice 0° to 2° AOA for the baseline 
Figure 177.  Drag polar comparison of 210 parapack with monofilm leading edge, 
forward zipper, and upper surface seam to the 210 parapack with monofilm leading edge 





(CL/CD)max.  There was a 65% to 75% reduction of (CL/CD)max from the treatment relative 






The (CL/CD) plots of 210 PP MLE FZ S treatment compared to the baseline and 
the 210 PP MLE FZ treatment separated for the tested airspeeds are shown in Figure 179 
and summarized in Table 44.  The (CL/CD) plots of the 210 PP MLE FZ S treatment were 
significantly lower than that of the baseline with some of the lowest (CL/CD)max values of 
any treatment tested.  (CL/CD)max values occur at approximately 8º AOA, and the 
degradation of performance appears to be additive, with each morphology component in 
the normal wingsuit morphology contributing to a reduction in performance.  
Figure 178.  (CL/CD)max for the 210 parapack with monofilm leading edge, forward 







Table 44  
 
(CL/CD) Performance of 210 PP MLE FZ S Treatment 
 

















80  6.32 10° -67% +10° -11% +4° 
100 5.97 6° -70% +6° -9% 0° 
120 6.16 6° -66% +6° -5% 0° 
140 5.11 6° -64% +4° -9% 0° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater 
than; <=slightly less than; => slightly greater than; Δ=change. 
Figure 179.  (CL/CD) for 210 parapack with monofilm leading edge and forward zipper at 
10% chord on the lower surface and seam at 20% chord on the upper surface treatment 





210 parapack with 2 mm neoprene leading edge morphology.  A currently 
used morphology for wingsuit arm-wings is a smooth textile leading edge.  The materials 
used are smooth vinyl textiles with fabric backing and neoprene with a smooth surface.  
To test this morphology, 2 mm smooth neoprene was attached to the leading edge of the 
test wing to 20% chord on the upper and lower surface.  Figure 50 shows this 
morphology on the test wing.  The 2 mm neoprene was not sewn smoothly into the 
underlying fabric, and a 2 mm aft facing step was left at the end of the neoprene textile 
on the upper and lower surface of the test wing at the 20% chord position.  This aft facing 
step could be a good model for an aft facing seam morphology as opposed to current 
designs with forward facing seams.  The 2 mm neoprene also modifies the airfoil shape 
by adding 2 mm of additional thickness to the front 20% chord, effectively slightly 
changing the airfoil shape.  This morphology was coded as the 210 PP SNLE treatment.  
 
Lift performance of 210 PP SNLE treatment.  Figure 180 shows the plot of the 
CL of the baseline and the 210 PP SNLE treatment.  CL of the 210 PP SNLE treatment 
started lower and then climbed above the baseline wing values increasing the slope of the 
linear portion of the CL curve relative to the baseline.  The CL started 0.05 or more below 
the baseline and then crossed the baseline about 14° AOA, increasing well above the 
baseline but stalling at approximately the same AOA.  This indicates a change in the 
basic airfoil shape caused by the thickness of the 2 mm neoprene material and possibly 
also by the 2 mm downwind step from the neoprene to the test wing surface.  CLmax 
increased from 1.35 for the baseline to 1.49 for the 210 PP SNLE treatment then stalled 






The information was expanded to display the comparison of CL at each airspeed for the 
210 PP and the baseline with the 210 PP SNLE treatment in Figure 181 and summarized 
in Table 45.  These graphs show the 2 mm smooth neoprene leading edge treatment had 
increased the slope of the linear portion of the CL curve, starting below the baseline curve 
and ending above it.  Similarly, the 210 PP SNLE compared to the 210 PP had increased 
the slope of the linear portion of the CL curve, starting below the 210 PP curve and 
ending above it.  The 210 PP SNLE treatment produced consistently higher CLmax and a 
more abrupt stall with a greater recovery of CL after the stall to values greater than the 




Figure 180.  CL comparison of the 210 parapack with 2 mm smooth 




















Table 45  
 





Δ in linear 




















80  <> baseline 
<>210 PP  
1.46 +7% 22° 0° 22° 0° +7% 
100 <>baseline 
<>210PP  
1.49 +10% 22° 0° 22° 0° +13% 
120 <> baseline 
<>210 PP  





140 <> baseline 
<>210 PP  
unk unk unk unk unk unk unk 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 
<=slightly less than; => slightly greater than; Δ=change. 
Figure 181.  CL comparison of the 210 parapack with 2 mm smooth neoprene leading 





Drag performance of the 210 PP SNLE treatment.  Figure 182 shows the plot of 
the CD of the baseline and the 210 PP SNLE treatment.  The drag values at low AOA 
were clearly and significantly higher and first decreased with increasing AOA then 
increased slower than the baseline curve until crossing the baseline at higher AOAs.  The 
initial increase in drag was likely due to the increased profile drag of the test wing due to 






The differences in CD were measurable and consistent across the tested airspeeds, 
as shown in Figure 183 and summarized in Table 46.  Compared to the 210 PP treatment, 
the 210 PP SNLE treatment had a significantly reduced drag profile except at the lowest 
AOA at all airspeeds.  The 210 PP SNLE treatment showed significantly greater CD than 
Figure 182.  CD comparison of the 210 parapack with monofilm leading edge, 





the baseline at -2° to 2° AOA.  The CD of the 210 PP SNLE treatment was similar to the 
baseline in mid-range AOAs; the stalled AOAs above 22 tended to be lower than the 
baseline.  The increased drag at the low AOA values was likely due to increased profile 
drag because of the thickness of the neoprene textile.  Once the profile drag was no 
longer a relatively large factor, the 210 PP SNLE treatment reduced CD relative to the 
210 PP values.  The reduction in drag was possibly due to the 2-mm downwind step 
providing a fixed separation point for the airflow to produce a consistent turbulent 
boundary layer acting like a series of small vortex generators and reducing drag over the 
fabric surface.  The 210 PP SNLE treatment had significantly lower CD compared to the 
210 PP treatment values at all airspeeds, except at the very lowest AOA.  This effect 
suggests that a downwind seam orientation, as opposed to the current wind facing seam 
may have benefits.  These effects do demonstrate the large effect relatively small surface 


















Table 46  
 
Drag Performance of 210 PP SNLE Treatment 
 
Air 
speed CD curve 
CDmin @ 
AOA CD characteristics 
80  >= baseline; 
< 210 PP   




.018 @  
-2° 
The 210 PP SNLE treatment CD started larger than the 
baseline and equal to the 210 PP treatment, then 
decreased before increasing, dropping below the 210 
PP values and converging with the baseline at 10°-
18°AOA then moving above and below the baseline in 
the stall to 30° AOA. 
100 > baseline; 
><210 PP  
.04 @  
-2° to +2° 
 
baseline 
.015 @  
-2° 
The 210 PP SNLE treatment CD started larger than the 
baseline and the 210 PP treatment, then decreased 
before increasing, dropped below the 210 PP at 2° 
AOA, and rose parallel to and greater than the baseline 
from 6° to 22° AOA where it dropped below baseline 
until 30° AOA. 
120 > baseline; 
>< 210 PP  
.04 @  
+2° 
baseline 
.016 @  
0° 
The 210 PP SNLE treatment CD started larger than the 
baseline and the 210 PP treatment, then decreased 
before increasing, dropped below the 210 PP at 2° 
AOA, and rose parallel to and greater than the baseline 
from 6° to 26° AOA. 
140 > baseline; 
>210 PP  
.05 @  
+2° 
baseline 
.022 @  
-2° 
The 210 PP SNLE treatment CD started larger than the 
baseline and the 210 PP treatment, then decreased 
before increasing, dropped below the 210 PP at 2° 
AOA, and rose parallel to and greater than the baseline 
to 16° AOA. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 






Figure 184 shows the lift-drag polars for the 210 PP SNLE treatment.  The 210 PP 
SNLE treatment lift-drag polar starts inside the baseline but rises through the baseline to 






Figure 183.  CD comparison of the 210 parapack with smooth neoprene leading edge 






For clarity, the lift-drag polar values were separated by airspeed in Figure 185.  
Separation by airspeed showed the 210 PP SNLE treatment lift-drag polars consistently 
starting inside the 210 PP and baseline lift-drag polars.  The 210 PP SNLE treatment lift-
drag polars rapidly moved outside the 210 PP treatment lift-drag polars at all airspeeds.  
The 210 PP SNLE treatment lift-drag polars started inside the baseline lift-drag polars, 
and significantly later than the 210 PP treatment, moved outside the baseline values 






Figure 184.  Drag polar comparison of 210 parapack with smooth neoprene 








(CL/CD) performance of the 210 PP SNLE treatment.  The (CL/CD) plot of the 
210 PP SNLE treatment compared to the baseline wing is shown in Figure 186.  There 
was a clear separation of the (CL/CD)max between the 210 PP SNLE treatment and the 
baseline.  Generally, the 210 PP SNLE treatment values were significantly lower than the 
baseline, and (CL/CD)max occurred at 5°-6° AOA vice 0°-2° AOA for the baseline.   
 
 
Figure 185.  Drag polar comparison of 210 parapack with smooth neoprene leading 









The (CL/CD) plots of 210 PP SNLE treatment compared to the baseline and the 
210 PP treatment are shown for each of the tested airspeeds in Figure 187 and 
summarized in Table 47.  Even with the improvements in lift and drag in certain ranges 
of AOA, the critical maximum ratio of lift and drag was still reduced by the 210 PP 
SNLE treatment.   (CL/CD)max for the 210 PP SNLE treatment occurred at 6° AOA and 
was below both the baseline and the 210 PP treatment.  The high drag at low AOAs and 
lower lift at low AOAs for the 210 PP SNLE treatment reduced performance in the 
(CL/CD)max values, but (CL/CD) performance at higher AOAs was better than the 210 PP 




Figure 186.  (CL/CD)max for the 210 parapack with smooth neoprene leading 







Table 47  
 
(CL/CD) Performance of 210 PP SNLE Treatment 
 
Air 

















80  10.61 6° -45% +6°  - 6% +4° 
100 9.65 6° -51% +6° -11% +4° 
120 7.75 6° -57% +6° -10% +4° 
140 7.66 6° -46% +4°    0% +4° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater 
than; <=slightly less than; => slightly greater than; Δ=change. 
Figure 187.  (CL/CD)max for 210 parapack with smooth neoprene leading edge to 20% 
chord on the upper and lower surface treatment compared to baseline wing and 210 PP 





210 parapack with 2 mm smooth neoprene leading edge and lower surface 
monofilm laminate from 20% to 40% chord morphology.  A currently used 
morphology for wingsuit arm wings has a smooth textile leading edge with a band of 
monofilm laminate just aft of the lower surface of the leading edge.  Figure 51 shows this 
morphology both as installed on the baseline test wing and a wingsuit.  To test this 
morphology, 2 mm smooth neoprene was attached to the leading edge of the test wing to 
20% chord on the upper and lower surface, and then a band of monofilm laminate was 
installed on the lower surface from 20% to 40% chord.  The monofilm laminate was 
installed with the long axis of the pattern of embedded fibers perpendicular to the airflow.  
As shown in Figure 51, this was the morphology on the wingsuit wing.  As in the 210 PP 
SNLE treatment, the neoprene textile was not sewn smoothly into the fabric, and a 2 mm 
aft facing step was left for testing.  This treatment was coded as the 210 PP SNLE40 
treatment.   
 
Lift performance of the 210 PP SNLE40 treatment.  Figure 188 shows the plot 
of the CL of the baseline and the 210 PP SNLE40 treatment.  The CL plots of the baseline 
and 210 PP SNLE40 treatment are difficult to separate on this graph because the values at 
the various airspeeds are so similar, and they overlap at this scale.  The 210 PP SNLE40 
treatment values look similar to the 210 PP SNLE treatment, starting below the baseline 
values and rising through the baseline on a significantly different slope with higher CLmax 










The information was expanded to display the CL comparison of the 210 PP 
SNLE40 treatment, the 210 PP SNLE treatment, and the baseline at each airspeed tested 
in Figure 189 and is summarized in Table 48.  CL of the 210 PP SNLE treatment and the 
210 PP SNLE40 treatment are essentially identical.  In all cases, the two plots either 







Figure 188.  CL comparison of the 210 parapack with 2 mm smooth neoprene leading 
edge on upper and lower surface to 20% chord and lower surface monofilm laminate 





Table 48  
 





Δ  in linear part 
of CL curve CLmax 


















80  <> baseline 
=210 PP SNLE  
1.45 +6% 22° 0° 22° 0° -1% 
100 <>baseline 
=>210PP SNLE 
1.48 +10% 22° 0° 22° 0°   0% 
120 <> baseline 
=210 PP SNLE 




  0% 
 
140 <> baseline 
=210 PP SNLE 
unk unk unk unk unk unk unk 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 
<=slightly less than; => slightly greater than; Δ=change. 
 
Figure 189.  CL comparison of the 210 PP SNLE 40 treatment with the 210 PP treatment 





Drag performance of the 210 PP SNLE treatment.  Figure 190 shows the plot of 
the CD of the baseline and the 210 PP SNLE treatment.  The CD values of the 210 PP 
SNLE treatment at low AOA were clearly and significantly higher and generally 
maintained a higher profile than the baseline curve.  The initial increase in drag by the 
210 PP SNLE treatment was likely due to the increased profile of the test wing due to the 






The 210 PP SNLE40 treatment was compared to the 210 PP SNLE treatment and 
the baseline, as shown in Figure 191 and summarized in Table 49.  The 210 PP SNLE40 
CD values were very close to the 210 PP SNLE treatment values.   
 
Figure 190.  CD comparison of the 210 parapack with smooth neoprene leading edge and 
monofilm laminate on lower surface from 20% to 40% chord treatment to the baseline 






Table 49  
 
Drag Performance of 210 PP SNLE40 Treatment 
 
Air 
speed CD curve 
CDmin @ 
AOA CD characteristics 
80  > baseline; 
> 210 PP SNLE 
.05 @  
-2° to +2° 
 
baseline 
.018 @  
-2° 
The 210 PP SNLE40 treatment CD started larger 
than the baseline and the 210 PP SNLE treatment 
through the entire range of AOA.  The 210 PP 
SNLE40 treatment moved toward the baseline and 
then stayed slightly above the baseline. 
100 > baseline; 
=210 PP SNLE 
.04 @  
-2° to +2° 
 
baseline 
.015 @  
-2° 
The 210 PP SNLE40 treatment CD started larger 
than the baseline and equal to the 210 PP SNLE 
treatment staying equal to the 210 PP SNLE 
through the range of AOA.  The 210 PP SNLE40 
treatment values moved toward the baseline, stayed 
slightly above the baseline, and rose parallel to the 
baseline to 22° AOA where it dropped below 
baseline until 26° AOA. 
120 > baseline; 
=210 PP SNLE 




.016 @  
0° 
The 210 PP SNLE40 treatment CD started larger 
than the baseline and equal to the 210 PP SNLE 
treatment staying equal to the 210 PP SNLE 
through the range of AOA.  The 210 PP SNLE40 
treatment values moved toward the baseline, stayed 
slightly above the baseline, and rose parallel to the 
baseline to 22° AOA. 
140 > baseline; 
=210 PP SNLE 




.022 @  
-2° 
The 210 PP SNLE40 treatment CD started larger 
than the baseline and equal to the 210 PP SNLE 
treatment staying equal to the 210 PP SNLE 
through the range of AOA.  The 210 PP SNLE40 
treatment values moved toward the baseline, stayed 
slightly above the baseline, and rose parallel to the 
baseline to 18° AOA. 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater than; 







Figure 192 shows the lift-drag polars for the 210 PP SNLE40 treatment compared 
to the baseline wing.  The aggregate lift-drag polar shows the treatment lift-drag polars 
are consistently and significantly inside the baseline at low values.  The 210 PP SNLE40 
treatment lift-drag polars then cross those of the baseline moving outside the baseline 
radius, matching the change in the slope of the linear portion of the lift curve.  
Figure 191.  CD comparison of the 210 parapack with smooth neoprene leading edge and 
lower monofilm laminate from 20% to 40% chord on the lower surface treatment to the 







For clarity, the lift-drag polar values were separated by airspeed in Figure 193.  
Separation by airspeed showed the 210 PP SNLE40 treatment lift-drag polars 
consistently starting inside the baseline lift-drag polar but then moving to the outside of 
the baseline lift-drag polar at all airspeeds.  The 210 PP SNLE40 treatment lift-drag 
polars also started inside the smooth neoprene leading edge treatment’s lift-drag polar for 
80 knots.  The 80 knot lift-drag polars for both treatments gradually merged and moved 
outside the baseline lift-drag polars.  The 100 knot, 120 knot, and 140 knot plots show 
both the smooth neoprene leading edge treatment and the smooth neoprene leading edge 
with monofilm laminate on lower surface treatments essentially equal.   
 
 
Figure 192.  Drag polar comparison of 210 parapack with smooth neoprene leading 









(CL/CD) performance of the 210 PP MLE treatment.  The (CL/CD)max plot of the 
210 PP SNLE40 treatment compared to the baseline wing is shown in Figure 194.  There 
was a clear separation of the (CL/CD)max between the 210 PP SNLE40 treatment and the 
baseline.  Generally, the 210 PP SNLE40 treatment values were significantly lower than 
the baseline and (CL/CD)max occurred at 6° AOA vice 0°- 2° AOA for the baseline.   
Figure 193.  Lift-drag polar comparison of 210 parapack with smooth neoprene leading 
edge and monofilm laminate from 20% to 40% chord on the lower surface treatment and 









The (CL/CD) plots of 210 PP SNLE40 treatment compared to the baseline and the 
210 PP SNLE treatment are shown for each of the tested airspeeds in Figure 195 and 
summarized in Table 50.  The (CL/CD) plots of the treatments compared to the baseline 
showed (CL/CD)max below the baseline in all cases.  Compared to the 210 PP SNLE 
treatment, the 210 PP SNLE40 treatment (CL/CD)max was 11% below at 80 knots, 3% 
below at 100 knots, was equal at 120 knots, and increased 3% at 140 knots.  While both 
the baseline and the 210 PP SNLE treatment were trending down, the 210 PP SNLE40 
treatment morphology had established a gradual increasing trend in (CL/CD).  Usually 
contamination and installations on the bottom surface of a wing have only a small effect. 
In the case of the 210 PP SNLE40 treatment the effect was small but measurable.  
Figure 194.  (CL/CD)max for the 210 parapack with smooth neoprene leading 
edge and monofilm laminate from 20% to 40% chord on the lower surface 







Table 50  
 
(CL/CD) Performance of 210 PP SNLE Treatment 
 
Air 











210 PP SNLE 
AOA Δ from  
210 PP SNLE 
80  8.97 6° -54% +6° -11% 0° 
100 9.09 6° -54% +6°   -3% 0° 
120 8.41 6° -54% +6°     0% 0° 
140 8.17 6° -43% +4°   +3% 0° 
Note.  Legend: <less than; <<significantly less than; =equal; >greater than;>>significantly greater 
than; <=slightly less than; => slightly greater than; Δ=change. 
Figure 195.  (CL/CD)max for the 210 parapack with smooth neoprene leading edge and 
monofilm laminate from 20% to 40% chord on the lower surface treatment compared to 






Surface roughness has been described in many ways.  Visual examination can 
include parameters indicating light reflection such as shiny, lustrous, matte, or rough.  
Irregularities can be measured in size, depth, discontinuity, rugosity, surface finish, 
surface metrology.  The International Organization for Standardization (ISO) defines a 
wide variety of parameters to include maximum height of peaks, maximum height of 
valleys, maximum height of the surface, arithmetical mean height of the surface, surface 
bearing area ratio, height of surface bearing area ratio, peak extreme height, material 
volume at a given height, void volume at a given height, material volume of peaks, 
material volume of the core, void volume of the core, and void volume of the valleys 
(International Organization for Standardization, 2012).  None of the various mechanical 
or optic equipment necessary to make most of these types of measurements were 
available for this study.  However logical extrapolations of the fluid flow characteristics 
of the materials can be made by a visual and tactile examination of the fabric and textile 
characteristics.  Measurements and compression of the various textiles are shown in 
Table 51.  Differences in texture such as roughness, air permeability, weave, stitch 
pattern and yarn or fiber size as shown in microscope images can provide useful 
information about the aerodynamic properties of a textile (Moria, 2013). 
 
420 denier parapack.  This was the roughest fabric to the eye; the weave was 
visually rougher than the other fabrics.  It felt smooth to the touch, probably because of 
the nature of the yarn which the photomicrograph shows as large yarn but composed of 






Table 51  
 
Qualitative Characteristics of the Tested Textiles 
 
Textile Surface features Thickness in inches 






Baseline Smooth hard paint NA NA NA 
420 denier 
parapack 
Large yarn with many very 
small fibers 
.019 .0165 .015 
210 denier 
parapack  
Medium yarn with large 
sized fibers 
.007 .0065 .006 
1.9 oz. 
ripstop 
Small yarn with medium 
sized fibers 
.005 .005 .004 
Monofilm 
laminate  
Smooth plastic sheet but 
with macroscopic bumps 
from imbedded fibers 
.012 .012 .011 
Smooth 2 mm 
Neoprene 
Matte surface appearance 
with small granularity 
larger than baseline 
.079 .040 unk 
Textured 2 
mm Neoprene 
Matte surface with small 
granularity on flat surface 
but larger granularity 
around embossed lines 
.079 .042 unk 
Vinyl Fabric 
w bumps 
Semi-matte surface with 
very small and smooth 
blended granularity and an 
uneven bumpy 
macroscopic texture 
.033 .030 .014 
Vinyl Fabric 
w wrinkles 
Semi-matte surface with 
very small and smooth 
blended granularity and 
both macroscopic and 
microscopic long thin 
fissures 
.028 .023 .011 
     
 
warp and weft are also larger than in the other woven fabrics.  This was a zero-porosity 
fabric because it has an impermeable adhesive/plastic layer on the back side, but there is 
significant void volume inside the fabric not directly attached to the plastic layer.  There 





above the zero-porosity layer.  It was possible that the combination of the large void 
volume and the very high wetted surface area of the many small fibers were significant  
factors in both the low lift and high drag shown by this fabric compared to the other 
fabrics.  The 420 denier parapack images are shown in Figure 59.  Another type of 420 
denier parapack with similar sized yarn but with larger fibers and a tighter weave is 
shown in figure 60.  The void space in this fabric appeared smaller than the other 420 
denier parapack cloth.  The 420 denier parapack fabric with large fibers was not tested, 
and this was left for future research.   
 
210 denier parapack.  This fabric was a tighter weave with a smaller yarn than 
the 420 parapack tested.  The yarns were made up of larger fibers similar to the 420 
parapack that was not tested and much larger than the 420 parapack used in this study.  
The fabric appears smoother to the eye and has a subdued luster.  To the touch, the 210 
parapack fabric feels somewhat rougher than the 420 parapack fabric with a “ridged” 
feel.  The void volume within the fabric appeared to be significantly less than the 420 
denier parapack tested, but there was still space for infiltration in the fabric above the 
zero-porosity layer.  This fabric was also zero porosity due to an adhesive/plastic layer on 
the back side of the fabric, like the 420 denier parapack.  As noted in Table 52, the fabric 
was less than half the thickness of the 420 denier fabric.  The fabric seems more attached 
to the adhesive layer, and the fibers seem less mobile than the 420 denier parapack.  Due 
to the larger diameter fibers, the wetted surface area of the fabric during infiltration 
would be significantly less than the 420 denier parapack tested.  The 210 denier parapack 





   
1.9 oz. ripstop.  This type of ripstop fabric is often called parachute fabric and is 
generally the same thickness and weave of parachute fabric.  To the eye, the fabric 
looked smoother than the 210 denier parapack except for the larger ripstop threads and 
had a matte appearance with little shine.  The fabric felt less slick and rougher than the 
210 denier parapack.  This 1.9 oz. ripstop fabric was also zero porosity with an 
adhesive/plastic layer on the back of the fabric. The fabric was 28% thinner than the 210 
denier parapack.  The yarn was significantly smaller and the fibers were smaller than the 
210 denier parapack.  The weave was very tight but there still appeared to be fibers and 
spaces in the weave that would allow air infiltration above the zero-porosity layer.  Every 
.25 inches there is a single thread that about twice as large as the general weave, and this 
is the reason for the name ripstop fabric.  Should a rip start, these larger threads are in 
place to resist propagation of the rip along the fabric weave.  This fabric was the thinnest 
of the fabrics tested, and the void space within the fabric appeared to be smaller than the 
other woven fabrics.  The images of the 1.9 oz. ripstop fabric used are in Figure 77.   
 
Monofilm laminate.  The monofilm laminate textile was made up of thin plastic 
layers with an embedded pattern of fibers.  The monofilm layers themselves were very 
thin at 0.01 mm thick, and very smooth.  The fiber pattern embedded between the 
monofilm layers tested was bilaterally symmetrical with a long and a short axis on an 
elongated diamond shape defining the pattern. The diamond patter was superimposed 
over an approximately ¼ inch square grid pattern.  The embedded fibers are of sufficient 





thickness of the fibers varied throughout the textile depending on the overlap of fibers in 
the pattern.  The maximum thickness where 4 fibers overlapped was as much as 0.12 mm.  
The unevenness of the textile varied through the range of thicknesses from 0.01 mm to 
0.12 mm with the pattern of the fibers.  The fiber pattern was easily felt, although the 
plastic film layer felt smooth and slick.  There was no fiber or weave exposed for 
infiltration, but there was a form of wide and shallow void space in the depressions 
between the bumps caused by the fibers.  The aerodynamic effect of this texture was 
unknown in its exact mechanism, but the monofilm laminate performed significantly 
worse than the 210 denier parapack and the 1.9 oz. ripstop despite its smooth 
impermeable surface.  Images that show the texture and application of the monofilm 
laminate are shown in Figure 3, Figure 45, Figure 48, Figure 51, Figure 103 and Figure 
111.   
 
2 mm smooth neoprene.  The 2-mm smooth neoprene’s surface was a thin layer 
of plastic that was relatively smooth and completely impermeable.  The underlying 
spongy substrate and fabric scrim serve merely to stabilize the surface layer and are not 
aerodynamically exposed.  The surface of the 2-mm smooth neoprene was visually a 
matte surface but very smooth in appearance.  To the touch, the surface was high friction, 
smooth but not slick.  The photomicrograph of the 2-mm smooth neoprene surface in 
Figure 86 showed a rough surface when magnified 40X, visually like pebbles embedded 
in a matrix like macadam roadways.  The aerodynamic performance of the 2-mm smooth 






2 mm textured neoprene.  This textile was used by wingsuit manufacturers with 
the intention of reducing drag by inducing a riblet effect.  Specific riblet materials, 
sometimes called sharkskin have been shown to reduce fluid drag.  This textile does not 
reduce drag.  It was one of the poorest performing textiles.  This textile was the same as 
the smooth neoprene surface only with a grid pattern embossed into the surface.  The flat 
areas were the same as the smooth neoprene.  The embossed channels and edges had a 
larger granularity than the flat top surfaces.  The surface was impermeable in terms of 
infiltration, but there was significant texture and greatly increased area, including a great 
deal of surface perpendicular to the wind.  The images of the 2-mm textured neoprene are 
found in Figure 95.  
 
Bumpy vinyl.  The bumpy vinyl textile has a scrim background and a vinyl sheet 
adhering on one side.  Vinyl surfaced textile can be had in virtually any texture from 
glass smooth to any level of texturing.  The bumpy vinyl textile was selected for testing 
to examine the aerodynamic effects of potential wear and storage damage from normal 
use to smooth vinyl surfaces.  The bumpy vinyl was smooth and glossy to the eye with a 
small pebbling to the surface that could also be felt with the fingertips.  The surface feels 
very smooth and slick, even with the texturing.  The depth of the bumpiness was so small 
that without specialized equipment it would be very difficult to measure.  The bumpy 
texture was much smaller than the embossed surface of the 2-mm textured neoprene and 
is significantly smaller than the bumpiness of the monofilm laminate.  Even this very 
small level of texture did reduce aerodynamic performance of the vinyl surface with 





performance was better than the woven fabrics.  The bumpy vinyl textile did slightly 
reduce drag compared to the baseline in the mid-range to upper AOAs.  The images of 
the bumpy vinyl are found in Figure 120.  
 
Wrinkled vinyl.  The wrinkled vinyl was very like the bumpy vinyl in basic 
construction with a scrim backing for a thin vinyl sheet.  The surface felt very like the 
bumpy vinyl, smooth and slick; the creased texture could barely be detected by touch.  
The texture was a random pattern of thin creases or grooves.  The wrinkled vinyl was the 
best performing textile compared to the baseline.  Even so, the wrinkled texture still had a 
measurable effect on the performance of the test wing, slightly reducing performance.  
The wrinkled vinyl did reduce drag in the mid-range and upper AOAs compared to the 
baseline and reduced drag slightly less than the bumpy vinyl.  The images of the wrinkled 
vinyl are found in Figure 129.  
 
CHAPTER V  
 
CONCLUSIONS, SUMMARY, AND RECOMMENDATIONS  
 
This study reviewed the aerodynamic effect of the current fabrics, textiles, and 
morphologies of the materials used in wingsuit construction.  The morphologies included 
a zipper, a seam, and leading-edge treatments as construction artifacts installed on a 210 
denier parapack covered wing.  The results showed the basic aerodynamic effects in 
terms of CL, CD, lift-drag polars- CL vs. CD at the range of tested AOA, and CL/CD 





applying basic aircraft design principles to wingsuit design with the goal of designing and 
building a wingsuit with significantly better glide performance than current wingsuits.   
(CL/CD) is a direct representation of the glide ratio and aerodynamic efficiency.  
Current wingsuit designs at their best, flown by expert pilots, provide steady state glide 
ratios of approximately 3 to 1.  Expert wingsuit pilots flying advanced design wingsuits 
may be able to exceed this marginally with extreme effort.  The surface material effects 
were suspected as significant factors in the low performance of wingsuits and this study 
shows that these materials can have very large effects on the action of a wing with an 
airfoil cross section.  It is likely that construction decisions on wing placement, wing 
design, and other configuration decisions have even greater effects.  Nevertheless, it was 
surprising to see the magnitude of the influences of the construction materials alone.   
 
Limitations and Weaknesses of the Study 
Time and availability of the wind tunnel were limited, so some samples were not 
tested at the 60 knots and 140 knot airspeeds.  The 60-knot airspeed is at an extreme low 
range of wingsuit flight and is certainly not close to the maximum glide ratio airspeeds.  
The 140-knot data were commonly truncated due to the wind tunnel used not being able 
to maintain proper velocity as the AOA of the test wing increased.  The 140-knot 
airspeed is closer to the known competition best glide airspeeds.  Even though the data 
gathered were truncated at the higher AOAs, the low AOA region where (CL/CD) max 
occurred was captured and provided valuable information. 
An anomaly appears in the data where, as airspeed and Reynolds number 





increasing airspeed, particularly between 120 knots and 140 knots.  Normally, for the 
NACA 4418 and almost all known wings and airfoils, aerodynamic efficiency increases with 
increasing Reynolds number for constant AR (Abbot & Von Doenhoff, 1959; Hurt, 1960).  
This phenomenon occurs even with contaminated airfoils but with very rough 
contamination Abbot and Von Doenhoff do show a decreasing trend of maximum CL for 
certain airfoils with increasing Re (1959, p. 236).  The measurements from this study show 
a distinct decrease between 120 and 140 knots in all cases.  This may have been due to the 
very low AR rectangular wing, AR=2, with zero sweep and high vortex (induced) drag or it 
may be a consequence of the balance.   The data collected were very consistent, repeatable, 
and reliable for each of the various treatments.  Even if the accuracy may be in question, 
as a comparative experiment, the precision of the results and the process provides a valid 
comparison.  Since the independent variables for each sample were kept as constant as 
possible, it was assumed on a comparative basis, comparing treatment to baseline or 
comparing treatment to treatment, for any given airspeed/Reynolds number that the error 
was consistent and the proportional differences are valid.  The repeatability and 
consistency of the data suggests this was true, and there was no evidence otherwise.  The 
cause of this phenomena will be investigated in future research. 
For this experiment, it was unknown whether the actual numbers derived 
represent achievable glide ratios.  It should be noted that the values for the baseline wing 
closely match previous experimental data for a low aspect ratio wing made with a NACA 
4418 airfoil.  Several effects involving wind tunnel interference, balance calibration, and 
scale effects may be present; however, every effort was made to keep the apparatus 





1966; Maskell, 1963).  Every effort was made to maintain conditions as identical as 
possible so that the comparison of the values was a valid representation of the 
performance measured.  If the (CL/CD) max of a material was 70% of another, one could 
confidently predict that this sort of performance decrement was transferable to future 
wingsuit designs.  That is, a wingsuit designed with the low performance material would 
have approximately 70% of the performance at the tested airspeed due to the effects of 
the material alone, when compared to a similar wingsuit designed with materials having 
properties like the baseline.   
The purpose of this research was to find information applicable to designing and 
building a wingsuit with improved glide ratio.  The examination of (CL/CD) and 
(CL/CD)max was of particular interest since information about lift, drag, AOA, and 
airspeed/Reynolds number are all included in the (CL/CD) results.  Maximum glide ratio 
usually occurs at relatively low angles of attack and higher airspeeds where both induced 
drag and parasite drag are equal and total drag is minimum.  One of the more mysterious 
features of current wingsuit designs is that their (CL/CD)max occurs at high AOAs, close to 
their stall AOA or the point of CLmax (Robson & D’Andrea, 2010).  Current wingsuit 
maximum glide competition uses speeds at around 130 knots.  Robson and D’Andrea 
(2010) show best glide performance around 100 knots.  Because most treatments in this 
study had the highest (CL/CD)max at 100 knots, the 100 knot value was used for much of 
this evaluation.  (CL/CD)max takes place at the point at which total drag is the lowest which 
is also the point where induced drag and parasite drag are equal.  High values of parasite 
drag push this point to higher AOAs where induced drag is also higher, the very high 





aerodynamic efficiency.  For any given aircraft, aerodynamic efficiency is a complex 
interaction of AOA, airspeed, lift, drag, and Reynolds number.  At (CL/CD)max, changes in 
AOA or airspeed, either increasing or decreasing, will cause a decrease in glide ratio.  
The next generation wingsuit will likely operate at a different airspeed from current 
designs to achieve maximum glide.   
 
Conclusions 
Low Performance Materials 
Low performance materials were typically those with high surface roughness.  The 420 
denier parapack fabric and the textured neoprene textile were the currently used materials 
with the worst performance, reducing (CL/CD)max by 70% or more.  A surprise in this 
category was the monofilm laminate textile’s performance.  These materials are used on 
hang gliders and wind surfing sails and are also used on wingsuits.  Because of the hard 
and smooth plastic surface, it was expected that they would perform well.  The 
performance of these materials was at the high end of the worst materials, as shown in 
Figure 196, and was significantly less than all other materials except the 420 denier 
parapack and textured neoprene.   
 Orientation of the fiber pattern with respect to the relative wind was a significant 
factor causing a 28% difference in (CL/CD)max between the two orientations.  The best 
performance of the MLV treatment was over a 50% reduction from the baseline 
(CL/CD)max.  The 420 denier parapack and textured neoprene both caused over 70% loss 





generally be avoided in wingsuit construction and in particular on surfaces designed to 




Mid-Range and Higher Performance Materials 
Three of the materials now commonly used, the 210 denier parapack, the 1.9 oz. 
ripstop nylon fabric, and the smooth neoprene produced (CL/CD)max at the middle ranges 
of the tested materials.  (CL/CD)max for these materials was in a narrow range from 
approximately 11.3 to 12.3, or a 45% or greater loss of efficiency compared to the 
baseline, as shown in Figure 197.  210 denier parapack currently is the most commonly 
used fabric for wingsuit construction including the wings and lifting surfaces, and it 





measurably outperformed the 1.9 oz. ripstop and the smooth neoprene despite a visually 
and tactilely more textured surface.  The 2 mm smooth neoprene is mostly used for 
leading edge construction.  1.9 oz. ripstop was often used in early wingsuits for wing 
construction but has fallen out of use for the sturdier 210 denier parapack fabric.  The 
woven fabrics were significantly lower performance than the smooth surface vinyl 
textiles.   
The two vinyl sheet materials tested were a relatively smooth plastic layer bonded 
to a woven scrim backing.  There are similar materials used by some wingsuit 
manufacturers, usually as a leading edge treatment and described as grainy.  Vinyl 
materials cover a range of surface qualities from extremely slick and smooth resembling 
metal, or painted and polished metal.  Many of these materials often have a leathery grain 
or pebbled surfaces.  This study tested two types of this material with two distinct 
textures: a lightly pebbled or bumpy texture and a leathery wrinkled or creased texture.  
These textures both mimicked currently used materials and the surface of these materials 
after use and wear.  The performance of these materials was clearly superior.  The bumpy 
surface vinyl performed generally better than the wrinkled surface vinyl, and microscopic 
inspection shows that the surface of the bumpy vinyl material was generally smoother 
with no sharp edges or cavities.  Small streaks and cavities mark the surface of the 
wrinkled vinyl, and these microscopic differences in texture were likely the source of the 
difference between the two materials’ aerodynamic performance (Zdravkovich, 1997).   
The results were informative, as shown in Figure 197 with both vinyl materials 
creating a 31% reduction of (CL/CD)max with the wrinkled texture and a 19% reduction of 





materials, these are still large sacrifices in performance that demonstrate the surface 
texture of a wing in flight is a complex balance of many factors as previously noted; 
microscopic factors greatly influence macroscopic airflow.  Future designs would require 





Performance of Morphologies 
Almost all design artifacts tested of the morphology of current wingsuit designs 
were additively detrimental to wingsuit performance.  Seam and zipper position, leading 
edge material, and all combinations of theses artifacts caused loss of lift, increased drag, 
and reduced glide ratio over a simple wing covering of 210 denier parapack fabric.   
 






Current wingsuit morphology.  Figure 198 shows the progression of the build-
up of the current most common wingsuit morphology.  Covering the wing with 210 
denier parapack reduces (CL/CD)max by 38% and increases the AOA at which it occurs by 
2°.  The addition of the monofilm laminate leading edge makes the reduction in 
(CL/CD)max 52%; the AOA at which it occurs remains the same.  The addition of the 
forward zipper reduces lift to 61% of the baseline and increases the AOA at which it 
occurs by over 6°.  The addition of the upper surface forward facing seam further reduces 
(CL/CD)max to 70% from the baseline value and increases the AOA at which (CL/CD)max 
occurs to approximately 7°.  Each element of the morphology decreases lift and increases 
drag, reducing potential glide ratio and increasing the AOA at which (CL/CD)max occurs.  
The result very much resembles the performance of current wingsuit designs before even 
considering the effects of wing shape, placement, and interaction; integration of the 
human body; and other sources of parasite drag.  It appears that current expert wingsuit 









Leading edge treatments.  Two leading edge treatments were examined: the monofilm 
leading edge and the 2 mm smooth neoprene leading edge.  Comparison of these leading 
edge treatments shows relatively small differences, and both reduce (CL/CD)max nearly 
52%, significantly lower than the 38% reduction caused by the 210 denier parapack 
alone, as shown in Figure 199.   
There are many studies of leading edge modification, usually by increasing 
leading edge roughness.  The accretion of ice or insect debris and the erosion of the 
leading edge surface due to environmental factors resulting in increased roughness, 
reduced lift, and increased drag is well documented.  In wind tunnel studies, distributed 
grit such as sand paper treatments are often used, and small strips put spanwise on the 
leading edge are used to control the change from laminar to turbulent flow in the 
boundary layer (Saric, Carrillo, & Reibert, 1998).  Increase in CD and decrease in CL was 






a common phenomenon from the addition of roughness to the leading edge in particular 






The monofilm laminate and the 2 mm smooth neoprene treatments both represent 
very different types of roughness in both macroscopic and microscopic surface qualities.  
The 2 mm smooth neoprene outperforms the monofilm laminate in (CL/CD)max by 10% 
when covering the entire wing, even though the rest of the (CL/CD) curve was nearly 
equal.  It was interesting that the 2 mm smooth neoprene leading edge increased (CL/CD) 
compared to both the 210 denier parapack and the monofilm laminate leading edge 
through most of the range of AOA but still significantly reduced (CL/CD)max.  It was 
possible this phenomenon was due to the 2 mm aft facing step caused by the 2 mm 
smooth neoprene textile when attached to the test wing in the manner used in this 





experiment.  This arrangement may have produced a pocket of Kline-Fogelman type flow 
(USA Patent No. 3,706,430, 1972) or a more even transition of the boundary layer across 
the wing reducing drag and improving (CL/CD) performance.  The smooth neoprene 
leading edge did increase the profile of the wing at low AOAs and slightly changed the 
shape of the wing; these factors may have increased drag enough to reduce (CL/CD)max 
performance.  The possible interaction of the 2 mm step hints that it may be 
aerodynamically advantageous to reverse the direction of any seams on the top of a wing 
so that the declination of the seam is downwind rather than facing upwind as a trip for the 
airflow.  In all cases, the leading edge treatment reduced overall efficiency as compared 
to the wing covered with a continuous 210 denier parapack treatment.   
The strip of monofilm laminate on the lower surface from 20% to 40% hinted at 
some interesting behavior.  In the case of the 210 denier parapack wing with a smooth 
neoprene leading edge to 20% chord on the upper and lower surface and the strip of 
monofilm laminate in the crosswind orientation from 20% to 40% chord on the lower 
surface, as airspeed increased, the performance increased compared to the 210 denier 
parapack with just the smooth neoprene leading edge.  Starting well below the smooth 
neoprene leading edge at 80 knots, the aerodynamic efficiency of the wing with the lower 
surface monofilm laminate increased significantly at 100 knots, matched performance 
with the smooth neoprene leading edge only treatment at 120 knots, and exceeded the 
performance of the smooth neoprene leading edge only treatment at 140 knots.  Since 
these were the averages of multiple trials, there was clear evidence that some sort of 
aerodynamic activity was taking place that significantly improved performance.  The 





but it certainly leaves a tantalizing hint at a possible reduction in drag, possibly like the 
riblets or shark skin effect (Bhushan, 2012; Stenzel, Wilke, & Hage, 2011) and begs for 
further investigation.   
 
Summary 
 If a better wingsuit was to be designed, the selection of construction materials is 
one of the first decisions to be made.  The goal of this study was to provide information 
about current materials to guide selection of materials for future design efforts.  Current 
designs have been shown to have extremely poor aerodynamic performance, and this 
study was one of the first steps required in identifying the causes for the current lack of 
performance.   
Current wingsuit designs, textile choices, and morphologies showed little that was 
aerodynamically advantageous.  In terms of aerodynamic efficiency, every modification 
of the basic 210 denier parapack wing decreased aerodynamic efficiency.  The addition of 
leading edge treatments, zippers, or seams and any combination of these artifacts reduced 
aerodynamic efficiency and glide ratio compared to the unmodified 210 denier parapack 
wing.  Only the vinyl coated fabrics with the relatively smooth plastic surfaces had better 
aerodynamic efficiencies than the 210 parapack which alone reduces aerodynamic 
efficiency approximately 40%.  The monofilm laminate unexpectedly caused significant 
losses in efficiency.  The bumpy texture of the embedded filaments was the only apparent 
reason for this reduction in aerodynamic efficiency.  The forward zipper placement was 
clearly a problem, and the upper surface seam at the 20% chord also had an effect 





are clearly indicated.  Wing construction that provides as much of a continuous smooth 
structure as possible was clearly indicated.  This study provides a clear picture of the 
effects of currently used materials on lift, drag, and aerodynamic efficiency as measured 
by (CL/CD) performance and promotes selection of better performing alternate materials 
based on the data collected.  Most materials tested caused large reductions in 
performance; all materials tested caused some degradation of performance compared to 
the baseline.  Microscopic texture had clearly measurable macroscopic effects.  
 
Generalization and Hypotheses  
Hypothesis #1.  The use of woven textured fabric and other textured materials for 
lifting surfaces has a significant effect on lift coefficient similar to frost or other 
contamination of the airfoil, greatly reducing lift.   
The premise that woven fabric would act like frost was only partially confirmed.  
In the fabrics with the largest texture, the 420 denier parapack and the textured neoprene, 
this was true; quite possibly these textiles effect on lift was worse than similarly sized 
hard granular contamination.  The 210 denier parapack, 1.9 oz. ripstop, and the smooth 
neoprene textile had small effects on lift that were measurable but also well within 
experimental error.  The most commonly used fabric, the 210 denier parapack, had very 
small effects on lift.  It must be noted, in all cases the effects on drag were significantly 
larger and the combination of the effects on lift and drag on performance in the form of 
(CL/CD) was significant and detrimental for all treatments.  Results were most greatly 
influenced by the increases in drag.  Another important practical factor for wingsuit flight 





Coupled with poor aerodynamic performance, the potential for an unexpected stall when 
performance would be most needed is likely part of the “lethal secrets” hidden in current 
wingsuit designs.  This was a significant effect with important safety implications.  The 
initial hypothesis on lift was conditionally rejected; except in the worse cases, changes in 
lift due to fabric texture were not the primary factor in wingsuit aerodynamic 
performance. 
  
Hypothesis #2.  The use of alternative, aerodynamically smooth and hard fabrics 
and plastic sheet materials will provide increased lift if correctly applied to the 
aerodynamic surfaces.   
Hypothesis #2 was also lift oriented and similarly was only partially confirmed.  
The 210 denier parapack, 1.9 oz. ripstop, and smooth neoprene all had very small 
influences on lift.  The smooth neoprene was the exception in that it seemed to improve 
the highest levels of lift.  This effect may have been due to the thickness of the textile 
slightly changing the shape of the test wing airfoil.  The 2 mm smooth neoprene 
increased drag significantly at low AOA’s.  This effect may have been partially due to the 
thickening of the wings airfoil producing more planform drag at low AOAs.  But the 2 
mm smooth neoprene also reduced drag to near baseline values at higher AOA’s, this was 
likely due to the installation with the 2 mm downwind step in the surface profile and its 
effect on the airflow over the 210 parapack covered wing.   
The monofilm laminate, with a smooth hard surface textured macroscopically by 
the underlying fibers produced lower lift values and induced a significantly earlier stall.  





the high AOAs where they appear to induce an earlier separation of flow in an 
aerodynamic stall and a greater loss in lift at high AOA after the stall.  As with 
Hypothesis #1, the primary effect on (CL/CD)max performance for the aerodynamically 
smooth textiles was the effect of these materials on drag.  In all cases the effect was 
significant, but the vinyl coated textiles produced overall the best performance of all 
tested materials.  This hypothesis was conditionally accepted; the effect on lift of smooth 
surface textiles was small, but the overall effect on aerodynamic efficiency was 
significant.  Drag was still the more important factor.   
 
Hypothesis #3.  Current placement of seams, zippers, and materials disturb 
airflow and reduce performance.   
This hypothesis was confirmed.  All morphologies tested decreased performance 
significantly and introduced instabilities that caused notable decreases in lift, large 
decreases in aerodynamic performance, and induced aerodynamic stall at lower AOAs.  
Some of these phenomena caused oscillations and instability in the test apparatus that 
were of a magnitude that precluded further testing for fear of damaging the equipment.  
The 2 mm smooth neoprene, when applied as a leading edge treatment caused an increase 
in lift at the higher AOAs just before aerodynamic stall but also seemed to introduce 
instability at the high AOAs and a sharper and more profound loss of lift after CLmax.  The 
addition of seams, zippers, and leading edge treatment from 20% chord forward all 







Currently all wingsuits are made of various combinations of the materials tested 
in this study.  The general morphologies tested are also common to all wingsuits 
currently flown at the time of this writing.  The use of woven fabric for aerodynamic 
lifting surfaces was shown to be detrimental in all cases, primarily due to increased drag.  
210 denier parapack, the most commonly used fabric, outperformed many of the other 
materials but still significantly underperformed the baseline and the coated vinyl textiles 
primarily due to the large drag penalty.  The fabrics and textiles used in current wingsuit 
designs are certainly large contributors to poor wingsuit performance.   
Similarly, all the morphologies tested show design artifacts like seams, zippers, 
and leading edge treatments forward of the 20% chord on the wing cause large reductions 
in performance and stability.  These effects can be expected to contribute negatively to 
any future design for the same reasons they degrade performance of the test wing.  
Elimination of these features as currently designed seems a logical design solution to this 
problem.    
 
Implications for Future Study and Recommendations 
This study primarily addresses the aerodynamic efficiency of the currently used 
materials and morphologies of wingsuit design with the intention of informing further 
research.  Aerodynamically smooth textiles, smoother than the vinyl coated textiles tested 
were clearly appropriate for testing future designs.  The physical and structural properties 





the requirements of the new designs, tested, and then, as necessary, modified or 
incorporated into new designs.   
This study shows, contrary to the initial hypotheses, drag, not lift, was the primary 
driver of poor wingsuit performance.  Adequate lift performance was attainable with 
current materials; reducing drag will be the challenge for future designs.  There is a 
significant body of work on the applications of textiles for drag reduction in the literature.  
Most of this work was done at airspeeds and Reynolds numbers that are well below that 
of wingsuit flight and not on lift as generated by an airfoil, but it is likely some of the 
information in the current literature is transferable to design of the next generation 
wingsuit.  The large non-lifting surface area of a wingsuit should be considered with drag 
reduction as a primary design factor.  Riblet technology or properly oriented fabrics on 
the bottom surfaces and aerodynamically smooth and efficient surfaces on the top of the 
lifting areas and leading edges will probably be a good initial configuration.  Testing of 
alternate materials and morphologies could be done in a very similar manner as this 
study.   
After solving the surface materials problem, addressing the additional factors of 
airfoil selection, instability of ram-air inflated wings, and aerodynamic interference from 
poorly arranged wing design, it is likely designs could be found that significantly 
outperform current wingsuits.  Confounding the use of new materials was the human 
factors component of the wingsuit design challenge.  Wear-ability, comfort, durability, 
and cost will all be major factors in the selection of new materials.  The selection and test 





This experiment clearly shows woven fabrics should be avoided on lifting airfoil 
cross section wings, and the smoother the aerodynamic surface the better.  There are high 
technology coated textiles that are likely to provide significantly better performance that 
should be investigated.  Plastic, silicone, or nitrile coated fabric with high dimensional 
stability and durable, aerodynamically smooth surfaces are candidates for follow-on 
research.  Wingsuit design is still in its pioneering stages, and the prospects for expanding 
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APPENDIX B   






Data Collection Devices 
 
Figure B 1.  Embry-Riddle student lifts the robust 2-channel, lift and drag, balance into 
place under the wind tunnel modular test section. 
Figure B 2.   Classic mercury manometer used as a cross check for aneroid barometer, 
showing from left to right: installation in the wind tunnel facility; a close-up of the 






Figure B 3.  Hygrometer thermometer and aneroid barometer on the Doryland wind 
tunnel with close-up of scale and indicator showing level of precision for reading the 
barometer to establish ambient temperature and pressure. 
Figure B 4. The Dyers red oil manometer used for measuring dynamic pressure to 
establish the desired airspeed in the wind tunnel.  Showing from left to right: installation 











Figure B 5.  Calibration of the balance in the modular test section using a laser 
level to illuminate the load lines ensuring input lines are orthogonal and exactly 














Table C1  
 
Planned Test Matrix for Wind Tunnel Experiment 
 
Test Treatment Trials AOA in ° Airspeed in knots 
Runs 
Sum 
Baseline (no treatment) 2 
-2, 2, 6, 10, 14, 
18, 22, 26, 30 60 80 100 120 140 10 
420 denier parapack (420D) 2 Same as above 60 80 100 120 140 20 
210 denier parapack (210D) 2 Same as above 60 80 100 120 140 30 
1.9 oz. ripstop 2 Same as above 60 80 100 120 140 40 
Monofilm laminate crosswind 
orientation (MLX) 2 Same as above 60 80 100 120 140 50 
Monofilm laminate downwind 
orientation (MLD) 2 Same as above 60 80 100 120 140 60 
Smooth 2 mm Neoprene 2 Same as above 60 80 100 120 140 70 
Textured 2 mm Neoprene 2 Same as above 60 80 100 120 140 80 
Vinyl Fabric w bumps 2 Same as above 60 80 100 120 140 80 
Vinyl Fabric w wrinkles 2 Same as above 60 80 100 120 140 80 
210D MLD LE to 20% chord 2 Same as above 60 80 100 120 140 90 
210D MLD LE to 20% chord 
and seam at 20% chord on US 2 Same as above 60 80 100 120 140 100 
210D MLD LE to 20% chord 
and zipper at 10% chord on LS 2 Same as above 60 80 100 120 140 110 
210D MLD LE to 20% chord 
and zipper at 20% chord on LS 2 Same as above 60 80 100 120 140 120 
210D MLD LE, zipper at 10% 
chord on LS, & seam at 20% 
chord on US 2 Same as above 60 80 100 120 140 130 
210D smooth 2 mm neoprene 





210D smooth 2 mm neoprene 
LE and MLX panel 20% to 40% 
chord on LS 2 Same as above 60 80 100 120 140 150 






APPENDIX D   
Figures 
D1 Force, Acceleration, and Velocity Vector Diagram of a Wingsuit in Steady State 









Figure D1.  Force, acceleration, and velocity vector diagram of a wingsuit in steady state 






 = vertical velocity 
Vx = horizontal velocity 
V = velocity of the relative wind = velocity in the direction of flight 
Chord line = a line from the leading edge to the trailing edge of an airfoil 
α = angle of attack 
θ= glide angle 




= acceleration tangential to the flight path 
a
p







Data and Statistical Analysis of Data 
Experimental Data and Statistical Similarity Analysis 
 
E-a  Treatment: Baseline 60 Knots 
E-b Treatment: Baseline 80 Knots 
E-c Treatment: Baseline 100 Knots 
E-d Treatment: Baseline 120 Knots 
E-e Treatment: Baseline 140 Knots 
E-f Treatment: BaselineA 80 Knots 
E-g Treatment: BaselineA 100 Knots 
E-h Treatment: BaselineA 120 Knots 
E-i Treatment: BaselineA 140 Knots 
E-j Treatment - 420 Parapack 60 Knots 
E-k Treatment - 420 Parapack 80 Knots 
E-l Treatment - 420 Parapack 100 Knots 
E-m Treatment - 420 Parapack 120 Knots 





E-o Treatment - 210 Parapack 60 Knots 
E-p Treatment - 210 Parapack 80 Knots 
E-q Treatment - 210 Parapack 100 Knots 
E-r Treatment - 210 Parapack 120 Knots 
E-s Treatment - 210 Parapack 140 Knots 
E-t Treatment – 1.9 Ripstop 60 Knots 
E-u Treatment - 1.9 Ripstop 80 Knots 
E-v Treatment - 1.9 Ripstop 100 Knots 
E-w Treatment - 1.9 Ripstop 120 Knots 
E-x Treatment - 1.9 Ripstop 140 Knots 
E-y Treatment – Smooth 2 mm Neoprene 60 Knots 
E-z Treatment – Smooth 2 mm Neoprene 80 Knots 
E-aa Treatment – Smooth 2 mm Neoprene 100 Knots 
E-ab Treatment – Smooth 2 mm Neoprene 120 Knots 
E-ac Treatment – Smooth 2 mm Neoprene 140 Knots 





E-ae Treatment – 2 mm Textured Neoprene 80 Knots 
E-af Treatment – 2 mm Textured Neoprene 100 Knots 
E-ag Treatment – 2 mm Textured Neoprene 120 Knots 
E-ah Treatment – 2 mm Textured Neoprene 140 Knots 
E-ai Treatment – Monofilm Laminate Crosswind Orientation 60 Knots 
E-aj Treatment – Monofilm Laminate Crosswind Orientation 80 Knots 
E-ak Treatment – Monofilm Laminate Crosswind Orientation 100 Knots 
E-al Treatment – Monofilm Laminate Crosswind Orientation 120 Knots 
E-am Treatment – Monofilm Laminate Crosswind Orientation 140 Knots 
E-an Treatment – Monofilm Laminate Downwind Orientation 60 Knots 
E-ao Treatment – Monofilm Laminate Downwind Orientation 80 Knots 
E-ap Treatment – Monofilm Laminate Downwind Orientation 100 Knots 
E-aq Treatment – Monofilm Laminate Downwind Orientation 120 Knots 
E-ar Treatment – Monofilm Laminate Downwind Orientation 140 Knots 
E-as Treatment – 210 PP with Monofilm Laminate Leading Edge 60 Knots 





E-au Treatment – 210 PP with Monofilm Laminate Leading Edge 100 Knots 
E-av Treatment – 210 PP with Monofilm Laminate Leading Edge 120 Knots 
E-aw Treatment – 210 PP with Monofilm Laminate Leading Edge 140 Knots 
E-ax  Treatment – 210 PP MLE with Aft Zipper @ 20% Chord 60 Knots 
E-ay  Treatment – 210 PP MLE with Aft Zipper @ 20% Chord 80 Knots 
E-az  Treatment – 210 PP MLE with Aft Zipper @ 20% Chord 100 Knots 
E-ba  Treatment – 210 PP MLE with Aft Zipper @ 20% Chord 120 Knots 
E-bb  Treatment – 210 PP MLE with Aft Zipper @ 20% Chord 140 Knots 
E-bc Treatment – 210 PP MLE with Forward Zipper @ 10% Chord 60 Knots 
E-bd Treatment – 210 PP MLE with Forward Zipper @ 10% Chord 80 Knots 
E-be Treatment – 210 PP MLE with Forward Zipper @ 10% Chord 100 Knots 
E-bf Treatment – 210 PP MLE with Forward Zipper @ 10% Chord 120 Knots 
E-bg Treatment – 210 PP MLE with Forward Zipper @ 10% Chord 140 Knots 
E-bh Treatment – 210 PP MLE with Upper Seam @ 210% Chord 60 Knots 
E-bi Treatment – 210 PP MLE with Upper Seam @ 210% Chord 80 Knots 





E-bk Treatment – 210 PP MLE with Upper Seam @ 210% Chord 120 Knots 
E-bl Treatment – 210 PP MLE with Upper Seam @ 210% Chord 140 Knots 
E-bm Treatment -- 210 PP MLE with Forward Zipper at 10% Chord and Upper Seam @ 
20% Chord, 60 Knots 
E-bn Treatment -- 210 PP MLE with Forward Zipper at 10% Chord and Upper Seam @ 
20% Chord, 80 Knots 
E-bo Treatment -- 210 PP MLE with Forward Zipper at 10% Chord and Upper Seam @ 
20% Chord, 100 Knots 
E-bp Treatment -- 210 PP MLE with Forward Zipper at 10% Chord and Upper Seam @ 
20% Chord, 120 Knots 
E-bq Treatment -- 210 PP MLE with Forward Zipper at 10% Chord and Upper Seam @ 
20% Chord, 140 Knots 
E-br Treatment -- 210 PP with Smooth Neoprene Leading Edge 60 Knots 
E-bs Treatment -- 210 PP with Smooth Neoprene Leading Edge 80 Knots 
E-bt Treatment -- 210 PP with Smooth Neoprene Leading Edge 100 Knots 
E-bu Treatment -- 210 PP with Smooth Neoprene Leading Edge 120 Knots 
E-bv Treatment -- 210 PP with Smooth Neoprene Leading Edge 140 Knots 
E-bw Treatment – 210 PP SNLE with Monofilm Laminate on Lower Surface to 40% 
Chord 60 Knots 
E-bx Treatment – 210 PP SNLE with Monofilm Laminate on Lower Surface to 40% 
Chord 80 Knots 
E-by Treatment – 210 PP SNLE with Monofilm Laminate on Lower Surface to 40% 
Chord 100 Knots 
E-bz Treatment – 210 PP SNLE with Monofilm Laminate on Lower Surface to 40% 
Chord 120 Knots 
E-ca Treatment – 210 PP SNLE with Monofilm Laminate on Lower Surface to 40% 
Chord 140 Knots 





E-cc Treatment -- Bumpy Surface Vinyl 100 Kots 
E-cd Treatment -- Bumpy Surface Vinyl 120 Knots 
E-ce Treatment --Wrinkled Surface Vinyl 80 Knots 
E-cf Treatment --Wrinkled Surface Vinyl 100 Knots 









Appendix E-a: Treatment - Baseline 60 Knots 
 
Table E-a-1         
          
Constants:  Baseline 60 Knots          
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      60 knots    
          
run 1         
Temperature                70  °F      530  °R 
Atmospheric Pressure     25.21 in. Hg 12.382 psi 
Air density = ρ slugs/ft3 = (MW)P/RT     0.002  slugs/ft3     
Dynamic press. q =.5ρV2     10.08 psi     
Reynolds number (Re)          570,000     
          
run 2         
Temperature                62  °F      522  °R 
Atmospheric Pressure     25.30 in. Hg 12.426 psi  
Air density = ρ slugs/ft3 = (MW)P/RT     0.002  slugs/ft3      
Dynamic press. q =.5ρV2     10.27 psi     










Table E-a-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 3.4 2.8 4.6 3.9  -2 4.1 2.7 3.1 4.3 
0 6.2 4.2 7.2 6.0  0 6.2 3.9 4.7 5.0 
2 7.7 5.4 9.2 8.0  2 8.0 5.6 7.2 7.2 
4 10.0 7.9 11.1 10.5  4 9.7 7.6 9.4 9.3 
6 11.4 9.8 13.2 13.7  6 11.3 9.9 11.3 12.6 
8 13.4 12.9 14.9 16.6  8 12.9 12.5 13.7 17.2 
10 15.5 16.6 17.1 20.8  10 14.8 16.2 15.5 20.6 
12 17.3 21.0 19.2 25.2  12 16.5 20.0 18.1 25.5 
14 18.7 24.9 20.6 30.4  14 18.1 24.4 19.5 29.8 
16 20.1 30.1 22.1 36.3  16 19.0 29.4 21.2 35.4 
18 21.3 35.7 23.4 41.5  18 20.0 34.2 22.6 39.7 
20 22.4 39.7 24.4 44.9  20 21.2 39.6 24.3 45.6 
22 23.9 44.9 25.1 48.7  22 22.5 44.1 24.6 48.8 
24 24.4 50.7 15.0 69.2  24 23.4 50.2 14.4 71.5 
26 24.7 57.9 14.9 74.5  26 23.7 56.9 14.2 77.3 
28 24.1 61.5 15.2 79.5  28 24.1 64.7 14.6 83.3 










Table E-a-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.33 0.01 0.39 0.01  -2 0.36 0.01 0.31 0.02 
0 0.48 0.02 0.53 0.02  0 0.47 0.02 0.39 0.03 
2 0.56 0.03 0.64 0.03  2 0.57 0.03 0.52 0.04 
4 0.68 0.05 0.74 0.05  4 0.65 0.04 0.64 0.05 
6 0.76 0.06 0.85 0.06  6 0.74 0.06 0.74 0.07 
8 0.86 0.08 0.94 0.08  8 0.82 0.07 0.86 0.10 
10 0.98 0.10 1.06 0.10  10 0.92 0.10 0.96 0.12 
12 1.07 0.13 1.17 0.13  12 1.01 0.12 1.09 0.16 
14 1.15 0.16 1.25 0.16  14 1.09 0.15 1.17 0.18 
16 1.22 0.19 1.33 0.19  16 1.14 0.18 1.26 0.22 
18 1.28 0.23 1.40 0.23  18 1.19 0.21 1.33 0.25 
20 1.34 0.25 1.45 0.25  20 1.26 0.25 1.42 0.29 
22 1.42 0.29 1.49 0.29  22 1.32 0.28 1.43 0.31 
24 1.45 0.33 0.95 0.33  24 1.37 0.32 0.90 0.43 
26 1.47 0.38 0.94 0.38  26 1.39 0.36 0.89 0.47 
28 1.43 0.40 0.96 0.40  28 1.40 0.41 0.91 0.50 


































Figure E-a-1.  CL for Baseline; 60 knots: This plot demonstrates the shape and 
values of the trials of the baseline test wing for evaluation of similarity. 
 
Figure E-a-2.  C
D
 for Baseline; 60 knots: This plot demonstrates the shape and 























Descriptive Statistics: Baseline 60 Knots 
 CL CD 
N Valid 34 34 
Missing 0 0 
Mean 1.002288 .187785 
Std. Error of Mean .0593667 .0260579 
Median 1.040796 .152151 
Mode .3306a .0136a 
Std. Deviation .3461646 .1519424 
Variance .120 .023 
Skewness -.384 .760 
Kurtosis -1.026 -.287 
Range 1.1357 .5382 
Minimum .3306 .0136 
Maximum 1.4663 .5518 
Sum 34.0778 6.3847 






Case Processing Summary: Baseline 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 34 100.0% 0 0.0% 34 100.0% 






Tests of Normality: Baseline 60 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .097 34 .200
* .938 34 .054 
CD .128 34 .176 .913 34 .010 
*. This is a lower bound of the true significance. 













ANOVA Baseline: 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL Between Groups .021 1 .021 .167 .686 
Within Groups 3.934 32 .123   
Total 3.954 33    
CD Between Groups .000 1 .000 .017 .897 
Within Groups .761 32 .024   






Robust Tests of Equality of Means: Baseline 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .167 1 31.745 .686 
CD Welch .017 1 31.971 .897 










Table E-a-9         
          
Average of the Baseline 60 Knot Runs to be Used for 
Comparison 
AOA CL CD        
-2 0.35 0.01        
0 0.48 0.02        
2 0.56 0.03        
4 0.67 0.04        
6 0.75 0.06        
8 0.84 0.08        
10 0.95 0.10        
12 1.04 0.13        
14 1.12 0.15        
16 1.18 0.19        
18 1.24 0.22        
20 1.30 0.25        
22 1.37 0.28        
24 1.41 0.32        
26 1.43 0.37        
28 1.42 0.41        










































Figure E-a-3.  C
L
 for average Baseline; 60 knots: This plot demonstrates the 
shape and values of the average of the trials of the baseline test wing.  
Figure E-a-4.  C
D
 for average Baseline; 60 knots: This plot demonstrates the 





Appendix E-b: Treatment - Baseline 80 Knots 
 
 
Table E-b-1           
          
Constants         
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables             
Airspeed (V)      80 knots    
          
run 1         
Temperature                72  °F      532  °R 
Atmospheric Pressure     25.20 in. Hg 12.377 psi   
Air density = ρ slugs/ft3 = (MW)P/RT     0.002  slugs/ft3      
Dynamic press. q =.5ρV2     17.85 psi     
Reynolds number (Re)          760,000     
          
run 2         
Temperature                71  °F      531  °R 
Atmospheric Pressure     25.20 in. Hg 12.377 psi   
Air density = ρ slugs/ft3 = (MW)P/RT     0.002  slugs/ft3      
Dynamic press. q =.5ρV2     17.89 psi     














Table E-b-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 6.6 3.8 6.9 3.6  -2 7.2 3.4 6.4 3.6 
0 10.4 4.1 10.2 4.7  0 10.4 5.1 9.2 4.5 
2 13.7 7.4 12.9 7.8  2 13.3 7.3 13.3 7.9 
4 16.6 11.5 16.6 10.9  4 16.3 10.0 17.4 11.4 
6 19.1 16.0 20.5 17.2  6 18.5 14.7 21.1 15.9 
8 21.9 20.3 23.6 22.4  8 21.3 19.7 24.6 23.2 
10 26.7 28.3 28.0 29.1  10 26.2 27.5 27.3 27.3 
12 28.0 31.6 31.8 38.0  12 28.5 32.9 31.6 45.7 
14 30.2 38.5 34.9 45.0  14 31.6 39.9 33.9 43.8 
16 34.4 48.0 38.5 53.8  16 34.4 48.8 37.7 51.5 
18 36.6 58.5 40.6 60.9  18 36.6 56.1 39.8 59.2 
20 39.4 66.5 42.9 68.8  20 39.0 64.6 42.6 69.2 
22 41.3 74.1 44.1 78.4  22 41.3 75.1 43.9 77.7 
24 42.4 82.2 43.5 88.4  24 43.1 84.8 43.8 86.0 
26 42.2 95.2 43.1 93.8  26 41.8 94.0 43.2 92.9 
28 40.1 104.3 41.4 100.6  28 40.4 111.1 40.9 112.2 














Table E-b-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.28 0.01 0.29 0.01  -2 0.30 0.00 0.28 0.01 
0 0.40 0.01 0.39 0.01  0 0.40 0.01 0.36 0.01 
2 0.50 0.02 0.47 0.02  2 0.48 0.02 0.48 0.02 
4 0.58 0.03 0.58 0.03  4 0.57 0.03 0.61 0.03 
6 0.66 0.05 0.70 0.05  6 0.64 0.05 0.72 0.05 
8 0.74 0.07 0.80 0.08  8 0.72 0.06 0.82 0.08 
10 0.89 0.10 0.93 0.10  10 0.87 0.09 0.90 0.09 
12 0.93 0.11 1.04 0.14  12 0.94 0.12 1.03 0.17 
14 0.99 0.14 1.14 0.17  14 1.03 0.15 1.10 0.16 
16 1.12 0.18 1.24 0.21  16 1.12 0.18 1.22 0.20 
18 1.19 0.22 1.31 0.24  18 1.18 0.21 1.28 0.23 
20 1.27 0.26 1.38 0.27  20 1.26 0.25 1.36 0.27 
22 1.33 0.29 1.41 0.32  22 1.33 0.30 1.40 0.31 
24 1.36 0.33 1.39 0.36  24 1.38 0.34 1.40 0.35 
26 1.36 0.38 1.38 0.38  26 1.34 0.37 1.38 0.37 
28 1.29 0.41 1.33 0.40  28 1.30 0.44 1.31 0.45 












































Figure E-b-1.  CL for Baseline, 80 knots: This plot demonstrates the shape and 
values of the trials of the baseline test wing for evaluation of similarity. 
Figure E-b-2.  CD for Baseline, 80 knots: This plot demonstrates the shape and 











Descriptive Statistics: Baseline 80 Knots 
 CL CD 
N Valid 68 68 
Missing 0 0 
Mean .962820 .172728 
Std. Error of Mean .0441072 .0181849 
Median 1.050478 .134903 
Mode 1.2986a -.0016a 
Std. Deviation .3637172 .1499567 
Variance .132 .022 
Skewness -.487 .567 
Kurtosis -1.192 -.976 
Range 1.1243 .4757 
Minimum .2592 -.0016 
Maximum 1.3835 .4742 
Sum 65.4718 11.7455 






Case Processing Summary: Baseline 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 68 100.0% 0 0.0% 68 100.0% 






Tests of Normality: Baseline 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .166 8 .000 .885 8 .000 
CD 133 8 .005 .900 8 .000 











ANOVA: Baseline 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL Between Groups .010 3 .003 .025 .995 
Within Groups 8.853 64 .138   
Total 8.863 67    
CD 
Between Groups .006 3 .002 .084 .969 
Within Groups 1.501 64 .023   






Robust Tests of Equality of Means 
 Statistica df1 df2 Sig. 
CL Welch .024 3 35.550 .995 
CD Welch .082 3 35.552 .970 

































Average of the Baseline 80 Knot Runs to be Used for 
Comparison 
AOA CL CD        
-2 0.29 0.01        
0 0.40 0.01        
2 0.49 0.02        
4 0.58 0.03        
6 0.65 0.05        
8 0.73 0.07        
10 0.88 0.10        
12 0.93 0.11        
14 1.01 0.14        
16 1.12 0.18        
18 1.19 0.22        
20 1.26 0.26        
22 1.33 0.29        
24 1.37 0.33        
26 1.35 0.38        
28 1.30 0.43        


























Table E-c-1            
           
Constants          
Kinematic viscosity of air, STP@5000'msl  0.000178    
Universal gas constant R in psia-ft3/slugmole°R 345.23     
MW air in slugs/slugmole  28.966     
           
Variables              
Airspeed (V)      100 knots    
           
run 1          
Temperature                70  °F      530  °R  
Atmospheric Pressure     25.22 in. Hg 12.387 psi    
Air density = ρ slugs/ft3 = (MW)P/RT     0.002  slugs/ft3       
Dynamic press. q =.5ρV2     28.02 psi      
Reynolds number (Re)        950,000      
           
run 2          
Temperature                63  °F      523  °R  
Atmospheric Pressure     25.27 in. Hg 12.411 psi    
Air density = ρ slugs/ft3 = (MW)P/RT     0.002  slugs/ft3       
Dynamic press. q =.5ρV2     28.45 psi      















Table E-c-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 10.7 6.9 11.1 8.3  -2 9.7 7.5 9.9 8.0 
0 15.1 8.7 17.2 9.8  0 15.6 10.8 14.9 9.9 
2 20.7 11.2 21.7 14.0  2 20.6 12.5 20.0 13.4 
4 25.4 17.5 26.5 19.6  4 24.9 18.0 25.1 19.2 
6 30.2 24.1 32.8 27.5  6 28.8 22.7 30.2 28.2 
8 36.7 35.2 37.6 37.5  8 35.8 34.8 37.3 37.1 
10 41.8 44.8 43.5 45.6  10 40.1 40.3 44.2 47.8 
12 46.5 52.3 49.8 57.0  12 46.2 54.4 48.3 57.8 
14 51.4 63.5 54.9 69.7  14 51.2 65.4 52.4 66.7 
16 56.1 77.0 58.9 82.4  16 55.8 78.3 58.6 79.3 
18 59.7 88.9 62.7 92.3  18 59.2 88.7 63.6 94.8 
20 64.5 100.2 66.5 103.0  20 62.9 103.0 66.7 108.2 
22 66.5 113.7 66.5 113.7  22 66.2 116.5 66.2 116.5 
24      24     
26      26     
28      28     
















Table E-c-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.26 0.01 0.27 0.01  -2 0.24 0.01 0.24 0.01 
0 0.34 0.01 0.38 0.01  0 0.35 0.01 0.33 0.01 
2 0.45 0.02 0.47 0.02  2 0.44 0.02 0.43 0.02 
4 0.54 0.03 0.56 0.04  4 0.52 0.03 0.53 0.03 
6 0.63 0.05 0.68 0.06  6 0.60 0.04 0.62 0.06 
8 0.76 0.08 0.78 0.08  8 0.73 0.08 0.76 0.08 
10 0.86 0.11 0.89 0.11  10 0.81 0.09 0.89 0.11 
12 0.95 0.13 1.01 0.14  12 0.93 0.13 0.97 0.14 
14 1.04 0.16 1.11 0.18  14 1.02 0.17 1.04 0.17 
16 1.13 0.21 1.18 0.22  16 1.11 0.21 1.16 0.21 
18 1.20 0.24 1.26 0.26  18 1.17 0.24 1.25 0.26 
20 1.29 0.29 1.33 0.30  20 1.24 0.29 1.31 0.31 
22 1.33 0.33 1.33 0.33  22 1.30 0.33 1.30 0.33 
24      24     
26      26     
28      28     


































Figure E-c-1.  C
L
 for Baseline; 100 knots: This plot demonstrates the shape and 
values of the trials of the baseline test wing for evaluation of similarity. 
Figure E-c-2.  CD for Baseline; 100 knots: This plot demonstrates the shape and 






















Statistics: Baseline 100 Knots 
 CL CD 
N Valid 60 60 
Missing 0 0 
Mean .887901 .155207 
Std. Error of Mean .0474220 .0190986 
Median .935909 .113537 
Mode 1.2982 -.0063a 
Std. Deviation .3673289 .1479370 
Variance .135 .022 
Skewness -.346 .834 
Kurtosis -1.287 -.401 
Range 1.1144 .5025 
Minimum .2362 -.0063 
Maximum 1.3506 .4962 
Sum 53.2741 9.3124 






Case Processing Summary: Baseline 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 60 100.0% 0 0.0% 60 100.0% 






Tests of Normality: Baseline 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .129 60 .014 .906 60 .000 
CD .140 60 .005 .886 60 .000 












ANOVA: Baseline 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .237 3 .079 .572 .635 
Within Groups 7.724 56 .138   
Total 7.961 59    
CD 
Between Groups .037 3 .012 .555 .647 
Within Groups 1.254 56 .022   






Robust Tests of Equality of Means 
 Statistica df1 df2 Sig. 
CL Welch .559 3 30.232 .646 
CD Welch .598 3 31.054 .621 




















Table E-c-9         
          
Average of the Baseline 100 Knot Runs to be Used for Comparison 
AOA CL CD        
-2 0.25 0.01        
0 0.35 0.01        
2 0.45 0.02        
4 0.53 0.03        
6 0.62 0.05        
8 0.74 0.08        
10 0.83 0.10        
12 0.94 0.13        
14 1.03 0.16        
16 1.12 0.21        
18 1.19 0.24        
20 1.27 0.29        
22 1.32 0.33        
24          
26          
28          















































Figure E-c-3.  C
L
 for Average Baseline; 100 knots: This plot demonstrates the 
shape and values of the average of the trials of the baseline test wing.  
Figure E-c-4.  C
D
 for average Baseline; 100 knots: This plot demonstrates the 

















Appendix E-d: Treatment - Baseline 120 Knots 
 
 
Table E-d-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-ft3/slugmole-°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         71  °F    531  °R 
Atmospheric Pressure 25.20 in. Hg 12.38 psi  
Air density = ρ slugs/ft3 = (MW)P/RT 0.002  slugs/ft3      
Dynamic press. q =.5ρV2 40.24 psi     
Reynolds number (Re)  1,140,000     
          
run 2         
Temperature         72  °F    532  °R 
Atmospheric Pressure 25.19 in. Hg 12.37 psi 
Air density = ρ slugs/ft3 = (MW)P/RT     .002  slugs/ft3      
Dynamic press. q =.5ρV2 40.15 psi     


























Table E-d-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 14.8 9.8 15.5 11.2  -2 15.2 9.9 14.2 10.7 
0 23.0 13.8 21.3 14.8  0 24.9 12.9 21.1 13.8 
2 28.7 18.4 30.0 20.3  2 27.6 17.1 28.2 19.6 
4 38.6 28.4 38.1 29.6  4 37.5 27.7 37.5 28.9 
6 44.6 36.3 45.3 39.2  6 44.9 37.4 44.9 39.3 
8 49.1 45.2 52.7 51.5  8 50.3 46.1 53.0 51.6 
10 57.2 58.6 60.6 63.3  10 57.5 59.3 58.9 62.4 
12 64.0 73.5 68.5 77.1  12 66.4 76.7 68.1 75.5 
14 73.7 91.8 76.4 91.7  14 74.3 92.5 78.9 100.6 
16 79.9 106.9 82.4 108.1  16 79.1 104.9 82.7 111.1 
18 85.5 120.6 85.5 120.6  18 85.8 123.0 85.8 123.0 
20      20     
22      22     
24      24     
26      26     
28      28     












Table E-d-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.24 0.00 0.24 0.01  -2 0.24 0.00 0.23 0.00 
0 0.34 0.01 0.32 0.01  0 0.37 0.01 0.32 0.01 
2 0.42 0.02 0.44 0.02  2 0.41 0.02 0.42 0.02 
4 0.55 0.04 0.55 0.04  4 0.54 0.04 0.54 0.04 
6 0.63 0.05 0.64 0.06  6 0.64 0.06 0.64 0.06 
8 0.69 0.07 0.74 0.08  8 0.71 0.07 0.75 0.09 
10 0.80 0.10 0.85 0.11  10 0.81 0.10 0.83 0.11 
12 0.89 0.14 0.95 0.15  12 0.93 0.15 0.95 0.14 
14 1.02 0.19 1.06 0.19  14 1.03 0.19 1.09 0.21 
16 1.10 0.23 1.14 0.24  16 1.10 0.22 1.14 0.24 
18 1.18 0.27 1.18 0.27  18 1.19 0.28 1.19 0.28 
20      20     
22      22     
24      24     
26      26     
28      28     

































Figure E-d-1.  C
L
 for Baseline; 120 knots: This plot demonstrates the shape and 
values of the trials of the baseline test wing for evaluation of similarity. 
Figure E-d-2.  C
D
 for Baseline; 120 knots: This plot demonstrates the shape and 






















Table E-d-4   
 
Statistics: Baseline 120 Knots 
 CL CD 
N Valid 44 44 
Missing 0 0 
Mean .714925 .086575 
Std. Error of Mean .0477717 .0128527 
Median .702211 .061888 
Mode .1532a -.0076a 
Std. Deviation .3168818 .0852549 
Variance .100 .007 
Skewness -.014 .769 
Kurtosis -1.185 -.630 
Range 1.0667 .2846 
Minimum .1532 -.0076 
Maximum 1.2199 .2771 
Sum 31.4567 3.8093 






Case Processing Summary: Baseline 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 44 100.0% 0 0.0% 44 100.0% 
CD 44 100.0% 0 0.0% 44 100.0% 





Tests of Normality: Baseline 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .107 44 .200
* .954 44 .076 
CD .151 44 .013 .886 44 .000 
*. This is a lower bound of the true significance. 











ANOVA: Baseline 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .002 3 .001 .005 .999 
Within Groups 4.316 40 .108   
Total 4.318 43    
CD 
Between Groups .011 3 .004 .482 .697 
Within Groups .302 40 .008   






Robust Tests of Equality of Means: Baseline 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .005 3 22.205 1.000 
CD Welch .459 3 22.166 .714 































Table E-d-9         
          
Average of the Baseline 120 Knot Runs to be Used for 
Comparison 
AOA CL CD        
  -2 0.24 0.00        
   0 0.36 0.01        
2 0.41 0.02        
4 0.55 0.04        
6 0.64 0.05        
8 0.70 0.07        
10 0.80 0.10        
12 0.91 0.14        
14 1.03 0.19        
16 1.10 0.23        
18 1.18 0.27        
20          
22          
24          
26          
28          



























Figure E-d-3.  C
L
 average for Baseline; 120 knots: This plot demonstrates the 
shape and average values of the of the baseline test wing.  
Figure E-d-4.  C
D
 average for Baseline; 120 knots: This plot demonstrates the 

















Appendix E-e: Treatment - Baseline 140 Knots 
 
 
Table E-e-1           
          
Constants         
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      140 knots   
          
run 1         
Temperature                78  °F      538  °R 
Atmospheric Pressure     25.15 in. Hg 12.353 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002  slugs/ft3    
Dynamic press. q =.5ρV2     53.95 psi     
Reynolds number (Re)          1,330,000     
          
run 2         
Temperature                77  °F      537  °R 
Atmospheric Pressure     25.17 in. Hg 12.362 psi 
Air density = ρ slugs/ft3 = (MW)P/RT     0.002  slugs/ft3      
Dynamic press. q =.5ρV2     54.10 psi     














Table E-e-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 20.1 14.6 18.9 13.7  -2 23.1 14.7 19.3 15.4 
0 31.2 18.5 29.8 18.7  0 28.5 17.9 31.4 20.6 
2 39.5 24.4 39.3 26.6  2 39.8 25.9 42.1 28.6 
4 49.5 34.8 50.1 37.6  4 49.6 35.3 51.5 39.7 
6 60.5 49.2 59.6 51.1  6 59.4 48.5 59.6 50.2 
8 69.5 62.9 67.3 61.9  8 69.3 62.0 68.4 62.8 
10 77.3 74.6 80.7 81.0  10 77.5 74.5 80.5 82.0 
12 85.5 88.5 86.4 89.6  12 88.5 93.4 88.9 93.5 
14 93.4 103.7 94.0 105.4  14 96.4 111.3 96.4 111.3 
16 99.3 115.8 99.3 115.8  16 99.3 115.8 99.3 115.8 
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     
30           30         

















Table E-e-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.23 0.00 0.22 0.00  -2 0.26 0.00 0.22 0.00 
0 0.34 0.01 0.32 0.01  0 0.31 0.01 0.34 0.01 
2 0.42 0.02 0.42 0.02  2 0.42 0.02 0.45 0.02 
4 0.52 0.03 0.53 0.04  4 0.52 0.03 0.54 0.04 
6 0.63 0.06 0.62 0.06  6 0.62 0.06 0.62 0.06 
8 0.72 0.08 0.70 0.08  8 0.72 0.08 0.71 0.08 
10 0.80 0.11 0.83 0.12  10 0.80 0.11 0.83 0.12 
12 0.88 0.14 0.89 0.14  12 0.91 0.15 0.91 0.15 
14 0.96 0.17 0.96 0.18  14 0.99 0.19 0.99 0.19 
16 1.02 0.20 1.02 0.20  16 1.01 0.20 1.01 0.20 
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     





























Figure E-e-1.  C
L
 for Baseline; 140 knots: This plot demonstrates the shape and 
values of the trials of the baseline test wing for evaluation of similarity. 
Figure E-e-2.  C
D
 for Baseline; 140 knots: This plot demonstrates the shape and 























Statistics: Baseline 140 Knots 
 CL CD 
N Valid 40 40 
Missing 0 0 
Mean .663222 .074701 
Std. Error of Mean .0441908 .0114044 
Median .645305 .048473 
Mode .2179a -.0017a 
Std. Deviation .2794871 .0721276 
Variance .078 .005 
Skewness .059 .777 
Kurtosis -1.175 -.510 
Range .9621 .2583 
Minimum .2179 -.0017 
Maximum 1.1801 .2566 
Sum 26.5289 2.9880 






Case Processing Summary: BaselineA 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 40 100.0% 0 0.0% 40 100.0% 






Tests of Normality: Baseline 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .094 40 .200
* .956 40 .126 
CD .178 40 .003 .884 40 .001 
*. This is a lower bound of the true significance. 











ANOVA: Baseline 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .04 3 .016 .196 .899 
Within Groups 2.998 36 .083   
Total 3.046 39    
CD 
Between Groups .003 3 .001 .159 .923 
Within Groups .200 36 .006   






Robust Tests of Equality of Means: Baseline 140 Knots 
 Statistica df1 df2 Sig. 
CL Welch .187 3 19.909 .904 
CD Welch .158 3 19.955 .923 































Table E-e-9         
          
Average of the Baseline 140 Knot Runs to be Used for 
Comparison 
AOA CL CD        
-2 0.24 0.00        
0 0.32 0.01        
2 0.42 0.02        
4 0.52 0.03        
6 0.62 0.06        
8 0.72 0.08        
10 0.80 0.11        
12 0.89 0.14        
14 0.97 0.18        
16 1.02 0.20        
18          
20          
22          
24          
26          
28          



























Figure E-e-3.  C
L
 average for Baseline; 140 knots: This plot demonstrates 
the shape and average values of the trials of the baseline test wing.  
Figure E-e-4.  C
L
 average for Baseline; 140 knots: This plot demonstrates the 


































Table E-f-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-
ft3/slugmole°R 
345.
23    
MW air in slugs/slugmole  
28.9
66    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         
       
69  °F      529  °R 
Atmospheric Pressure     
25.0
4 In. Hg 12.298 psi   






    
Dynamic press. q =.5ρV2     
17.8
4 psi     
Reynolds number (Re)        760,000     
          
run 2         
Temperatu
re         
       
70  °F 



















    
Dynamic press. q =.5ρV2     
17.8
0 psi     
Reynolds number 












Table E-f-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 5.8 2.0 6.4 1.8  -2 6.3 1.5 6.3 1.9 
0 9.5 2.2 9.9 2.8  0 10.6 2.7 9.8 2.8 
2 13.1 4.1 13.4 4.9  2 14.2 5.0 13.6 4.8 
4 16.3 6.7 16.1 7.1  4 16.8 7.2 16.6 7.3 
6 19.5 10.4 19.4 10.7  6 19.5 10.4 20.6 12.2 
8 22.4 15.0 22.5 16.3  8 22.8 15.5 23.6 17.1 
10 26.5 21.1 26.8 23.0  10 26.0 20.2 26.3 21.0 
12 29.3 26.6 29.7 29.1  12 29.5 26.9 29.8 27.8 
14 32.6 33.9 33.2 36.8  14 33.4 35.5 33.2 35.3 
16 36.0 41.9 36.4 44.6  16 36.5 42.4 36.6 42.9 
18 38.6 49.6 38.7 50.4  18 39.6 50.8 39.6 51.7 
20 40.9 57.6 41.0 58.8  20 41.6 58.2 41.7 59.7 
22 42.1 64.9 42.5 66.3  22 43.0 66.8 43.0 66.0 
24 42.2 73.0 41.1 77.2  24 42.6 77.2 42.7 77.8 
26 41.1 91.0 41.7 85.1  26 40.7 95.0 40.5 97.2 
28 40.7 103.7 40.5 101.0  28 40.8 107.2 40.8 106.6 













Table E-f-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.26 0.00 0.28 0.00  -2 0.27 0.00 0.27 0.00 
0 0.37 0.00 0.38 0.00  0 0.40 0.00 0.38 0.00 
2 0.48 0.01 0.49 0.01  2 0.51 0.01 0.50 0.01 
4 0.58 0.02 0.57 0.02  4 0.59 0.02 0.59 0.02 
6 0.67 0.03 0.67 0.03  6 0.67 0.03 0.71 0.04 
8 0.76 0.05 0.76 0.05  8 0.77 0.05 0.80 0.06 
10 0.88 0.07 0.89 0.08  10 0.87 0.07 0.88 0.07 
12 0.97 0.09 0.98 0.10  12 0.98 0.09 0.98 0.10 
14 1.07 0.12 1.08 0.14  14 1.09 0.13 1.09 0.13 
16 1.17 0.16 1.18 0.17  16 1.19 0.16 1.19 0.16 
18 1.25 0.19 1.25 0.19  18 1.28 0.20 1.28 0.20 
20 1.32 0.23 1.32 0.23  20 1.34 0.23 1.34 0.24 
22 1.35 0.26 1.37 0.26  22 1.38 0.27 1.38 0.26 
24 1.36 0.29 1.32 0.31  24 1.37 0.31 1.37 0.31 
26 1.32 0.36 1.34 0.34  26 1.31 0.38 1.31 0.39 
28 1.31 0.41 1.30 0.40  28 1.32 0.43 1.32 0.43 





























 for BaselineA; 80 knots:  This plot demonstrates the shape and 















Figure E-f-2.  C
D
 for BaselineA; 80 knots:  This plot demonstrates the shape and 











Descriptive Statistics: BaselineA 80 Knots 
 CL CD 
N Valid 68 68 
Missing 0 0 
Mean .962820 .172728 
Std. Error of Mean .0441072 .0181849 
Median 1.050478 .134903 
Mode 1.2986a -.0016a 
Std. Deviation .3637172 .1499567 
Variance .132 .022 
Skewness -.487 .567 
Kurtosis -1.192 -.976 
Range 1.1243 .4757 
Minimum .2592 -.0016 
Maximum 1.3835 .4742 
Sum 65.4718 11.7455 






Case Processing Summary: BaselineA 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 68 100.0% 0 0.0% 68 100.0% 






Tests of Normality: BaselineA 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .166 8 .000 .885 8 .000 
CD 133 8 .005 .900 8 .000 












ANOVA: BaselineA 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL Between Groups .010 3 .003 .025 .995 
Within Groups 8.853 64 .138   
Total 8.863 67    
CD 
Between Groups .006 3 .002 .084 .969 
Within Groups 1.501 64 .023   






Robust Tests of Equality of Means: BaselineA 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .024 3 35.550 .995 
CD Welch .082 3 35.552 .970 








         
Average of the BaselineA 80 Knot Runs to be Used for Comparison 
AOA CL CD       
-2 0.27 0.00       
0 0.39 0.00       
2 0.50 0.01       
4 0.58 0.02       
6 0.67 0.03       
8 0.77 0.05       
10 0.88 0.07       
12 0.97 0.09       
14 1.08 0.13       
16 1.18 0.16       
18 1.26 0.19       
20 1.33 0.23       
22 1.37 0.26       
24 1.36 0.30       
26 1.32 0.37       
28 1.31 0.42       
































 average for BaselineA; 80 knots:  This plot demonstrates the 
shape and average values of the trials of the baseline test wing. 
Figure E-f-4.  CD average for BaselineA; 80 knots:  This plot demonstrates the 






























Appendix E-g: Treatment - BaselineA 100 Knots 
 
 
Table E-g-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         71 °F     531  °R 
Atmospheric Pressure     25.02 in. Hg 12.29 psi   
Air density = ρ slugs/ft3 = (MW)P/RT     0.002  slugs/ft3    
Dynamic press. q =.5ρV2     27.75 psi     
Reynolds number (Re)           950,000     
          
run 2         
Temperature             71  °F     531  °R 
Atmospheric Pressure     25.05 in. Hg 12.30 psi  
Air density = ρ slugs/ft3 = (MW)P/RT     0.002  slugs/ft3      
Dynamic press. q =.5ρV2     27.78 psi     














Table E-g-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 9.7 1.5 10.6 1.5  -2 10 2.7 8.8 2.7 
0 14.9 2.4 15.5 2.9  0 13.8 3.2 15.5 4.7 
2 19.6 4.9 19 5.4  2 19.7 5.9 21.2 7.3 
4 25.4 9.6 25.2 9.4  4 25.3 10 24.8 10.4 
6 31.3 16.2 30.5 15.1  6 32.6 18.7 30.5 16.2 
8 36 22.8 36.2 23  8 36.4 24.1 35.4 22.7 
10 40.4 29.6 41.5 31.1  10 41.3 31.6 41.7 31.3 
12 44.9 36.4 47.1 40.7  12 46.7 39.7 47.6 42.4 
14 51.3 48.3 52.1 50.9  14 51.9 49.6 53.5 54.7 
16 56.5 59.8 56.7 61.5  16 57.7 62.2 58.4 67.1 
18 61.6 72.9 61.9 75.7  18 60.8 70.2 61.9 77 
20 64.2 81.8 65.3 88.3  20 65 84.1 65.4 91.1 
22 66.9 96.5 66.8 99.8  22 66.5 100.4 67.1 102.1 
24 64.2 129.7 66.8 112.2  24 60.4 120.5 66.4 123.3 
26 64.6 146.7 62.5 143.9  26 66.6 146.1 64 149.7 
28 61.7 159.8 62.8 163.1  28 65.4 153.8 63.2 153.1 













Table E-g-3            
           





AOA  Run 2 




AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.24 0.01 0.26 0.01  -2 0.25 0.01 0.22 0.01 
0 0.34 0.01 0.35 0.01  0 0.32 0.01 0.35 0.02 
2 0.43 0.02 0.42 0.02  2 0.44 0.02 0.46 0.02 
4 0.55 0.03 0.54 0.03  4 0.54 0.03 0.53 0.03 
6 0.66 0.04 0.65 0.04  6 0.69 0.05 0.64 0.04 
8 0.75 0.06 0.76 0.06  8 0.76 0.07 0.74 0.06 
10 0.84 0.08 0.86 0.09  10 0.85 0.09 0.86 0.09 
12 0.92 0.10 0.97 0.12  12 0.96 0.11 0.98 0.12 
14 1.05 0.14 1.06 0.15  14 1.06 0.14 1.09 0.16 
16 1.15 0.18 1.15 0.18  16 1.17 0.19 1.18 0.20 
18 1.25 0.22 1.25 0.23  18 1.23 0.21 1.25 0.23 
20 1.30 0.25 1.32 0.27  20 1.31 0.26 1.32 0.28 
22 1.35 0.30 1.35 0.31  22 1.34 0.31 1.35 0.32 
24 1.30 0.40 1.35 0.35  24 1.22 0.36 1.34 0.38 
26 1.31 0.45 1.27 0.43  26 1.34 0.45 1.29 0.46 
28 1.25 0.48 1.27 0.49  28 1.32 0.47 1.28 0.46 



















Statistics:  BaselineA 100 Knots 
 CL CD 
N Valid 60 60 
Missing 0 0 
Mean .887901 .155207 
Std. Error of Mean .0474220 .0190986 
Median .935909 .113537 
Mode 1.2982 -.0063a 
Std. Deviation .3673289 .1479370 
Variance .135 .022 
Skewness -.346 .834 
Kurtosis -1.287 -.401 
Range 1.1144 .5025 
Minimum .2362 -.0063 
Maximum 1.3506 .4962 
Sum 53.2741 9.3124 
a. Multiple modes exist. The smallest value is shown 
Figure E-g-2.  C
D
 for BaselineA; 100 knots: This plot demonstrates the shape and 





















Case Processing Summary: Baseline 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 60 100.0% 0 0.0% 60 100.0% 






Tests of Normality: Baseline 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .129 60 .014 .906 60 .000 
CD .140 60 .005 .886 60 .000 








ANOVA: BaselineA 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .237 3 .079 .572 .635 
Within Groups 7.724 56 .138   
Total 7.961 59    
CD 
Between Groups .037 3 .012 .555 .647 
Within Groups 1.254 56 .022   






Robust Tests of Equality of Means: BaselineA 100 
Knots 
 Statistica df1 df2 Sig. 
CL Welch .559 3 30.232 .646 
CD Welch .598 3 31.054 .621 














Average of the BaselineA 100 Knot Runs to be Used for Comparison 
AOA CL CD       
-2 0.24 0.01       
0 0.33 0.01       
2 0.43 0.02       
4 0.55 0.03       
6 0.67 0.05       
8 0.76 0.06       
10 0.85 0.08       
12 0.94 0.11       
14 1.05 0.14       
16 1.16 0.18       
18 1.24 0.22       
20 1.31 0.26       
22 1.35 0.31       
24 1.26 0.38       
26 1.32 0.45       
28 1.28 0.48       








































Figure E-g-3.  C
L
 average for BaselineA; 100 knots: This plot demonstrates the 
shape and average values of the trials of the BaselineA test wing.  
Figure E-g-4.  C
D
 average for BaselineA; 100 knots: This plot demonstrates the 








































Table E-h-1        
        
Constants          
Kinematic viscosity of air, STP@5000'msl  
0.0001
78   
Universal gas constant R in psia-ft3/slugmole°R 345.23     
MW air in slugs/slugmole  28.966    
      
Variables           
Airspeed (V)     120 knots    
         
run 1         
Temperature       74 °F 533.67 °R 
Atmospheric Pressure     24.97 in. Hg 12.264 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3  
Dynamic press. q =.5ρV2   39.651 psi   
Reynolds number (Re)      1140000      
           
run 2        
Temperature      79 °F 538.67 °R 
Atmospheric Pressure     24.96 in. Hg 12.259 psi  
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3   
Dynamic press. q =.5ρV2     39.267 psi   









Table E-h-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 8.5 5.3 13.6 4.3  -2 13.2 2.7 11.4 3.5 
0 19.4 4.6 20.3 5.1  0 18.5 3.6 19.3 3.6 
2 27.7 9.0 28.6 9.0  2 28.7 8.4 28.1 8.2 
4 33.2 13.8 35.5 14.4  4 35.6 13.4 38.3 16.0 
6 41.4 22.3 39.7 18.5  6 41.4 19.9 44.5 22.9 
8 51.2 35.4 48.8 30.5  8 47.5 27.3 51.1 31.0 
10 55.6 42.0 59.4 49.8  10 56.8 41.3 59.1 43.2 
12 65.1 56.5 65.8 56.0  12 62.1 49.2 63.8 50.4 
14 73.1 71.3 73.4 71.1  14 71.9 65.6 73.6 67.4 
16 80.1 85.2 80.8 86.8  16 80.3 82.9 81.3 84.6 
18 87.0 102.4 87.8 104.9  18 86.3 98.3 86.3 97.1 
20 92.4 117.8 92.2 119.8  20 90.7 113.2 91.3 114.4 
22 94.0 135.0 94.6 137.2  22 93.2 126.6 93.5 135.2 
24 94.7 163.4 94.2 150.6  24 93.5 150.0 94.2 145.6 
26 92.8 204.5 91.2 210.0  26 91.8 203.8 90.9 191.2 
28 93.0 217.0 90.0 221.6  28 88.0 211.7 88.4 212.0 














Table E-h-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.15 0.01 0.22 0.01  -2 0.22 0.01 0.19 0.01 
0 0.30 0.01 0.31 0.01  0 0.29 0.01 0.30 0.01 
2 0.41 0.02 0.43 0.02  2 0.43 0.02 0.42 0.02 
4 0.49 0.03 0.52 0.03  4 0.53 0.03 0.56 0.03 
6 0.60 0.04 0.58 0.04  6 0.61 0.04 0.65 0.05 
8 0.73 0.07 0.70 0.06  8 0.69 0.06 0.74 0.06 
10 0.79 0.09 0.84 0.11  10 0.82 0.09 0.85 0.09 
12 0.92 0.12 0.93 0.12  12 0.89 0.11 0.91 0.11 
14 1.03 0.16 1.03 0.16  14 1.02 0.15 1.05 0.16 
16 1.12 0.20 1.13 0.21  16 1.14 0.20 1.15 0.21 
18 1.22 0.26 1.23 0.26  18 1.22 0.25 1.22 0.24 
20 1.29 0.30 1.29 0.31  20 1.28 0.29 1.29 0.30 
22 1.31 0.35 1.32 0.36  22 1.31 0.33 1.32 0.36 
24 1.32 0.43 1.32 0.39  24 1.32 0.39 1.33 0.38 
26 1.30 0.53 1.27 0.53  26 1.30 0.53 1.28 0.49 
28 1.30 0.56 1.26 0.56  28 1.24 0.53 1.25 0.53 



















 for BaselineA; 120 knots: This plot demonstrates the shape and 






























 for BaselineA; 120 knots: This plot demonstrates the shape and 






Table E-h-4   
 
Statistics: BaselineA 120 Knots 
 CL CD 
N Valid 44 44 
Missing 0 0 
Mean .714925 .086575 
Std. Error of Mean .0477717 .0128527 
Median .702211 .061888 
Mode .1532a -.0076a 
Std. Deviation .3168818 .0852549 
Variance .100 .007 
Skewness -.014 .769 
Kurtosis -1.185 -.630 
Range 1.0667 .2846 
Minimum .1532 -.0076 
Maximum 1.2199 .2771 
Sum 31.4567 3.8093 






Case Processing Summary: BaselineA 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 44 100.0% 0 0.0% 44 100.0% 
CD 44 100.0% 0 0.0% 44 100.0% 





Tests of Normality: BaselineA 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .107 44 .200
* .954 44 .076 
CD .151 44 .013 .886 44 .000 
*. This is a lower bound of the true significance. 















ANOVA: Baseline 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .002 3 .001 .005 .999 
Within Groups 4.316 40 .108   
Total 4.318 43    
CD 
Between Groups .011 3 .004 .482 .697 
Within Groups .302 40 .008   






Robust Tests of Equality of Means: Baseline 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .005 3 22.205 1.000 
CD Welch .459 3 22.166 .714 






























Table E-h-9        
         
Average of the BaselineA 120 Knot Runs to be Used for 
Comparison 
AOA CL CD       
-2 0.19 0.01       
0 0.30 0.01       
2 0.42 0.02       
4 0.51 0.03       
6 0.60 0.04       
8 0.71 0.06       
10 0.80 0.09       
12 0.90 0.12       
14 1.03 0.16       
16 1.13 0.20       
18 1.22 0.25       
20 1.29 0.30       
22 1.31 0.34       
24 1.32 0.41       
26 1.30 0.53       
28 1.27 0.55       




























 average for BaselineA; 120 knots: This plot demonstrates the 
shape and average values of the trials of the BaselineA test wing.  
Figure E-h-3. C
D
 average for BaselineA; 120 knots: This plot demonstrates the 


























Table E-i-1           
          
Constants             
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables             
Airspeed (V)      140 knots   
          
run 1         
Temperature         79 °F 538.67 °R 
Atmospheric Pressure     25 in. Hg 12.279 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     53.532 psi     
Reynolds number (Re)        1,330,000       
          
run 2         
Temperature         79 °F 538.67 °R 
Atmospheric Pressure     25 in. Hg 12.279 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     53.532 psi     









Table E-i-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 18.9 11.3 12.6 12.7  -2 21.8 10.0 18.8 11.1 
0 29.5 11.7 25.4 11.9  0 32.4 12.3 34.8 15.4 
2 37.5 14.3 46.4 20.0  2 43.2 17.4 42.2 18.1 
4 46.7 19.2 48.8 22.0  4 47.4 21.0 47.6 23.3 
6 57.5 29.5 54.3 27.6  6 58.7 32.7 56.6 31.7 
8 63.3 36.4 68.2 43.8  8 62.9 38.2 69.3 47.6 
10 78.5 57.1 78.4 57.7  10 82.1 65.5 77.1 58.2 
12 93.7 77.3 94.7 81.0  12 93.6 67.0 83.4 68.2 
14 100.3 88.6 102.4 93.4  14 97.8 90.0 100.9 96.3 
16 106.8 100.1 106.8 100.1  16 105.2 105.2 109.6 114.1 
18      18 114.7 127.0 114.7 127.0 
20      20     
22      22     
24      24     
26      26     
28      28     














Table E-i-3            
           












AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.22 0.02 0.15 0.02  -2 0.25 0.01 0.22 0.02 
0 0.32 0.02 0.28 0.02  0 0.35 0.02 0.38 0.02 
2 0.40 0.02 0.49 0.03  2 0.46 0.03 0.45 0.03 
4 0.50 0.03 0.52 0.03  4 0.50 0.03 0.51 0.04 
6 0.61 0.05 0.57 0.04  6 0.62 0.05 0.60 0.05 
8 0.66 0.06 0.71 0.07  8 0.66 0.06 0.72 0.08 
10 0.82 0.10 0.82 0.10  10 0.85 0.12 0.80 0.10 
12 0.97 0.15 0.98 0.16  12 0.97 0.13 0.87 0.12 
14 1.04 0.18 1.06 0.19  14 1.01 0.18 1.04 0.20 
16 1.10 0.21 1.10 0.21  16 1.08 0.22 1.13 0.25 
18      18 1.18 0.29 1.18 0.29 
20      20     
22      22     
24      24     
26      26     
28      28     


















 for BaselineA; 140 knots: This plot demonstrates the shape and 










































Figure E-i-1.  C
L
 for BaselineA; 140 knots: This plot demonstrates the shape and 










Statistics: BaselineA 140 Knots 
 CL CD 
N Valid 40 40 
Missing 0 0 
Mean .663222 .074701 
Std. Error of Mean .0441908 .0114044 
Median .645305 .048473 
Mode .2179a -.0017a 
Std. Deviation .2794871 .0721276 
Variance .078 .005 
Skewness .059 .777 
Kurtosis -1.175 -.510 
Range .9621 .2583 
Minimum .2179 -.0017 
Maximum 1.1801 .2566 
Sum 26.5289 2.9880 






Case Processing Summary: BaselineA 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 40 100.0% 0 0.0% 40 100.0% 






Tests of Normality: BaselineA 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .094 40 .200
* .956 40 .126 
CD .178 40 .003 .884 40 .001 
*. This is a lower bound of the true significance. 











ANOVA: BaselineA 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .049 3 .016 .196 .899 
Within Groups 2.998 36 .083   
Total 3.046 39    
CD 
Between Groups .003 3 .001 .159 .923 
Within Groups .200 36 .006   






Robust Tests of Equality of Means: BaselineA 140 Knots 
 Statistica df1 df2 Sig. 
CL Welch .187 3 19.909 .904 
CD Welch .158 3 19.955 .923 


































Table E-i-9         
          
Average of the BaselineA 140 Knot Runs to be Used for 
Comparison 
AOA CL CD        
-2 0.23 0.02        
0 0.34 0.02        
2 0.43 0.02        
4 0.50 0.03        
6 0.61 0.05        
8 0.66 0.06        
10 0.83 0.11        
12 0.97 0.14        
14 1.02 0.18        
16 1.10 0.21        
18 1.18 0.29        
20          
22          
24          
26          
28          





Appendix E-j: Treatment - 420 Parapack 60 Knots 
 
Table E-j-1   
 
Constants                
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole-°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                
Airspeed (V)      60 knots   
          
run 1         
Temperature         65 °F 524.67 °R 
Atmospheric Pressure     25.175 in. Hg 12.365 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     10.165 psi     
Reynolds number (Re)        570000       
          
run 2         
Temperature         67 °F 526.67 °R 
Atmospheric Pressure     25.16 in. Hg 12.357 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     10.121 psi     














































 for average BaselineA; 140 knots: This plot demonstrates the shape 



























































 for BaselineA; 140 knots: This plot demonstrates the shape and 







Table E-j-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 1.6 8.4 2.0 10.7  -2 1.6 8.3 1.6 9.8 
0 3.5 9.6 3.8 12.3  0 3.3 9.4 3.5 11.3 
2 4.8 10.6 5.3 14.0  2 4.7 10.5 5.3 13.2 
4 6.2 12.4 6.8 15.4  4 6.3 12.6 6.6 14.8 
6 8.3 14.7 8.6 17.7  6 7.7 14.4 8.5 16.8 
8 9.9 17.2 10.1 20.0  8 9.0 16.3 9.6 18.9 
10 11.6 20.5 12.2 23.9  10 10.8 19.7 11.6 22.4 
12 13.4 24.5 13.6 27.4  12 12.5 23.4 13.5 26.7 
14 14.9 28.1 15.1 32.6  14 14.5 27.0 14.9 30.8 
16 16.1 33.7 16.1 36.5  16 15.6 32.5 16.2 35.9 
18 16.6 40.3 17.0 42.3  18 16.4 37.9 16.9 42.3 
20 16.9 45.2 17.4 47.5  20 16.6 44.8 17.5 47.2 
22 17.4 51.8 17.9 52.9  22 16.9 49.9 17.4 52.3 
24 14.6 66.5 17.7 65.6  24 15.8 68.7 17.8 67.5 
26 14.7 74.9 15.2 73.8  26 15.6 76.0 16.9 73.7 
28 15.6 80.5 15.3 81.0  28 15.0 79.5 15.6 80.9 














Table E-j-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.23 0.06 0.25 0.07  -2 0.23 0.06 0.23 0.07 
0 0.33 0.07 0.35 0.08  0 0.32 0.07 0.33 0.08 
2 0.40 0.07 0.43 0.09  2 0.40 0.07 0.43 0.09 
4 0.48 0.08 0.51 0.10  4 0.48 0.09 0.50 0.10 
6 0.59 0.10 0.60 0.12  6 0.56 0.10 0.60 0.11 
8 0.67 0.11 0.68 0.13  8 0.63 0.11 0.66 0.13 
10 0.76 0.14 0.79 0.16  10 0.72 0.13 0.76 0.15 
12 0.86 0.16 0.87 0.18  12 0.81 0.15 0.87 0.18 
14 0.94 0.18 0.95 0.21  14 0.92 0.18 0.94 0.20 
16 1.00 0.22 1.00 0.24  16 0.98 0.21 1.01 0.24 
18 1.03 0.26 1.05 0.28  18 1.02 0.25 1.05 0.28 
20 1.04 0.29 1.07 0.31  20 1.03 0.29 1.08 0.31 
22 1.07 0.34 1.09 0.34  22 1.05 0.32 1.07 0.34 
24 0.92 0.42 1.08 0.42  24 0.99 0.44 1.09 0.44 
26 0.93 0.47 0.95 0.47  26 0.97 0.48 1.05 0.47 
28 0.97 0.51 0.96 0.51  28 0.94 0.50 0.97 0.51 
















Statistics: 420 Parapack 60 Knots 
 CL CD 
N Valid 34 34 
Missing 0 0 
Mean .771286 .224021 
Std. Error of Mean .0462732 .0285362 
Median .918309 .167431 
Mode .2327a .0458a 
Std. Deviation .2698169 .1663930 
Variance .073 .028 
Skewness -.746 .745 
Kurtosis -.899 -.784 
Range .8356 .5269 
Minimum .2327 .0458 
Maximum 1.0683 .5727 
Sum 26.2237 7.6167 






Case Processing Summary: 420 Parapack 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 34 100.0% 0 0.0% 34 100.0% 






Tests of Normality: 420 Parapack 60 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .236 34 .000 .858 34 .000 
CD .155 34 .037 .877 34 .001 
*. This is a lower bound of the true significance. 








ANOVA: 420 Parapack 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .012 .914 
Within Groups 2.402 32 .075   
Total 2.402 33    
CD 
Between Groups .000 1 .000 .000 .993 
Within Groups .914 32 .029   









Robust Tests of Equality of Means: 420 Parapack 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .012 1 31.999 .914 
CD Welch .000 1 31.965 .993 




























          
Average of the 420 Parapack 60 Knot Runs to be Used for Comparison 
AOA      CL CD        
-2 0.23 0.06        
0 0.33 0.07        
2 0.40 0.07        
4 0.48 0.09        
6 0.57 0.10        
8 0.65 0.11        
10 0.74 0.13        
12 0.83 0.16        
14 0.93 0.18        
16 0.99 0.22        
18 1.02 0.26        
20 1.04 0.29        
22 1.06 0.33        
24 0.95 0.43        
26 0.95 0.48        
28 0.96 0.51        















 average for 420 Parapack; 60 knots: This plot demonstrates the shape 
and average values of the trials of the 420 Parapack test wing.  
Figure E-j-4. C
D
 average for 420 Parapack; 60 knots: This plot demonstrates the shape 






























Appendix E-k: Treatment - 420 Parapack 80 Knots 
 
 
Table E-k-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         64 °F 523.7 °R 
Atmospheric Pressure     25.16 in. Hg 12.36 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     18.1 psi     
Reynolds number (Re)        760000     
          
run 2         
Temperature         65 °F 524.7 °R 
Atmospheric Pressure     25.15 in. Hg 12.35 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     18.05 psi     













Table E-k-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 3.0 14.5 2.8 16.7  -2 3.3 13.9 3.5 14.5 
0 5.9 17.0 5.0 17.7  0 5.4 15.1 6.1 15.9 
2 8.5 19.5 8.0 20.2  2 8.9 18.6 8.8 18.5 
4 11.9 22.3 11.8 23.8  4 10.5 20.6 11.6 22.3 
6 13.7 25.5 14.4 26.1  6 13.7 23.4 15.4 24.6 
8 17.0 30.2 18.8 30.5  8 16.2 26.4 18.6 30.2 
10 19.5 34.6 20.9 38.2  10 19.1 32.1 21.8 37.2 
12 22.6 39.9 24.0 43.6  12 22.7 39.1 23.9 42.8 
14 25.5 48.4 25.6 51.2  14 24.8 46.4 25.8 48.6 
16 26.8 54.9 27.3 58.3  16 26.0 53.0 27.6 58.2 
18 27.9 63.8 28.3 69.0  18 27.8 65.5 28.5 68.9 
20 28.2 76.8 28.8 78.8  20 28.8 74.0 28.6 73.2 
22 29.2 85.8 30.6 90.2  22 29.6 86.4 29.4 88.1 
24 30.7 98.6 33.8 107.9  24 30.8 102.6 31.9 110.9 
26 32.1 125.2 32.1 125.2  26 30.2 123.8 30.2 123.8 
28      28     














Table E-k-3            
           











AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.17 0.05 0.17 0.06  -2 0.18 0.05 0.19 0.05 
0 0.26 0.06 0.23 0.06  0 0.24 0.06 0.27 0.06 
2 0.34 0.07 0.32 0.07  2 0.35 0.07 0.34 0.07 
4 0.44 0.08 0.43 0.09  4 0.40 0.08 0.43 0.08 
6 0.49 0.09 0.51 0.10  6 0.49 0.09 0.54 0.09 
8 0.59 0.11 0.64 0.11  8 0.57 0.10 0.64 0.11 
10 0.66 0.13 0.70 0.14  10 0.65 0.12 0.73 0.14 
12 0.75 0.15 0.80 0.17  12 0.76 0.15 0.79 0.16 
14 0.84 0.18 0.84 0.19  14 0.82 0.18 0.85 0.19 
16 0.88 0.21 0.89 0.22  16 0.86 0.20 0.91 0.22 
18 0.91 0.24 0.92 0.26  18 0.91 0.25 0.93 0.26 
20 0.92 0.29 0.94 0.30  20 0.94 0.28 0.94 0.28 
22 0.95 0.33 0.99 0.35  22 0.97 0.33 0.96 0.34 
24 1.00 0.38 1.09 0.42  24 1.00 0.40 1.03 0.43 
26 1.04 0.48 1.04 0.48  26 0.98 0.47 0.98 0.47 
28      28     










 for 420 Parapack; 60 knots: This plot demonstrates the shape 






























 for 420 Parapack; 60 Knots: This plot demonstrates the shape 












Figure E-k-1.  CL for 420 Parapack; 80 knots: This plot demonstrates the shape and values 
of the trials of the 420 Parapack test wing for evaluation of similarity. 
Figure E-k-2. CD for 420 Parapack; 80 knots: This plot demonstrates the shape and values 





































Statistics: 420 Parapack 80 Knots 
 CL CD 
N Valid 30 30 
Missing 0 0 
Mean .678180 .175940 
Std. Error of Mean .0511591 .0234071 
Median .757012 .135301 
Mode .1723a .0388a 
Std. Deviation .2802099 .1282062 
Variance .079 .016 
Skewness -.462 .897 
Kurtosis -1.216 -.205 
Range .8631 .4293 
Minimum .1723 .0388 
Maximum 1.0354 .4681 
Sum 20.3454 5.2782 






Case Processing Summary: 420 Parapack 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 30 100.0% 0 0.0% 30 100.0% 






Tests of Normality: 420 Parapack 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .163 30 .042 .904 30 .011 
CD .154 30 .066 .886 30 .004 
*. This is a lower bound of the true significance. 











ANOVA: 420 Parapack 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .006 .940 
Within Groups 2.277 28 .081   
Total 2.277 29    
CD 
Between Groups .000 1 .000 .006 .940 
Within Groups .477 28 .017   






Robust Tests of Equality of Means: 420 Parapack 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .006 1 28.000 .940 
CD Welch .006 1 27.987 .940 




















Table E-k-9         
         
Average of the 420 Parapack 80 Knot Runs to be Used for 
Comparison 
AOA CL CD       
-2 0.18 0.05       
0 0.25 0.06       
2 0.34 0.07       
4 0.42 0.08       
6 0.49 0.09       
8 0.58 0.11       
10 0.66 0.13       
12 0.76 0.15       
14 0.83 0.18       
16 0.87 0.21       
18 0.91 0.25       
20 0.93 0.29       
22 0.96 0.33       
24 1.00 0.39       
26 1.01 0.48       
28         


























420 PP 80 Ave CL
Figure E-k-3. CL average for 420 Parapack; 80 knots: This plot demonstrates the shape 
and average values of the trials of the 420 Parapack test wing.  
Figure E-k-4. C
D
 average for 420 Parapack; 80 knots: This plot demonstrates the shape 





















Table E-l-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psiaft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         66 °F 525.7 °R 
Atmospheric Pressure     25.11 in. Hg 12.33 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     28.11 psi     
Reynolds number (Re)       950000     
          
run 2         
Temperature         67 °F 526.7 °R 
Atmospheric Pressure     25.14 in. Hg 12.35 psi 
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     28.09 psi     













Table E-l-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 3.6 23.6 3.8 25.6  -2 3.6 23.6 4.8 24.3 
0 5.9 25.8 7.5 26.8  0 7.7 27.5 8.5 27.8 
2 11.4 28.2 13.2 32.3  2 11.6 29.3 13.2 31.5 
4 15.7 32.1 19.1 36.2  4 16.8 34.0 18.2 37.7 
6 19.4 36.4 23.5 42.6  6 21.4 39.7 24.2 41.2 
8 24.0 43.3 28.3 49.7  8 24.4 44.0 28.3 48.0 
10 29.7 51.3 33.3 57.4  10 29.5 50.6 34.3 57.1 
12 34.0 60.9 37.2 66.7  12 34.6 60.1 37.8 67.4 
14 37.7 72.0 39.7 79.7  14 38.5 74.9 39.2 77.6 
16 38.7 84.1 39.5 88.9  16 38.9 88.5 39.5 90.9 
18 38.9 101.8 40.3 102.9  18 39.3 101.7 40.0 103.0 
20 41.3 120.0 41.3 120.0  20 41.8 120.8 41.8 120.8 
22      22     
24      24     
26      26     
28      28     











Table E-l-3            
           











AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.12 0.05 0.13 0.06  -2 0.12 0.05 0.15 0.06 
0 0.17 0.06 0.20 0.06  0 0.20 0.06 0.22 0.06 
2 0.27 0.07 0.31 0.08  2 0.28 0.07 0.31 0.07 
4 0.35 0.08 0.42 0.09  4 0.38 0.08 0.40 0.09 
6 0.42 0.09 0.50 0.10  6 0.46 0.10 0.52 0.10 
8 0.51 0.11 0.59 0.12  8 0.52 0.11 0.60 0.12 
10 0.62 0.13 0.69 0.15  10 0.62 0.13 0.71 0.15 
12 0.70 0.16 0.76 0.17  12 0.72 0.15 0.78 0.18 
14 0.77 0.19 0.81 0.21  14 0.79 0.20 0.80 0.20 
16 0.79 0.22 0.81 0.23  16 0.80 0.23 0.81 0.24 
18 0.80 0.26 0.82 0.27  18 0.81 0.26 0.82 0.27 
20 0.84 0.31 0.84 0.31  20 0.85 0.32 0.85 0.32 
22      22     
24      24     
26      26     
28      28     






























 for 420 Parapack; 100 knots: This plot demonstrates the shape and values 
of the trials of the 420 Parapack test wing for evaluation of similarity. 
Figure E-l-2. C
D
 for 420 Parapack; 100 knots: This plot demonstrates the shape and values 























Statistics: 420 Parapack 100 knots 
 CL CD 
N Valid 24 24 
Missing 0 0 
Mean .538503 .129785 
Std. Error of Mean .0516642 .0171191 
Median .569385 .102235 
Mode .1224a .0402a 
Std. Deviation .2531016 .0838660 
Variance .064 .007 
Skewness -.332 .798 
Kurtosis -1.374 -.573 
Range .7312 .2614 
Minimum .1224 .0402 
Maximum .8536 .3016 
Sum 12.9241 3.1148 






Case Processing Summary: 420 Parapack 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 24 100.0% 0 0.0% 24 100.0% 






Tests of Normality: 420 Parapack 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .160 24 .115 .899 24 .021 
CD .170 24 .071 .883 24 .010 
*. This is a lower bound of the true significance. 











ANOVA: 420 Parapack 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .015 .903 
Within Groups 1.472 22 .067   
Total 1.473 23    
CD 
Between Groups .000 1 .000 .010 .921 
Within Groups .162 22 .007   






Robust Tests of Equality of Means: 420 Parapack 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .015 1 21.997 .903 
CD Welch .010 1 21.999 .921 




















Table E-l-9         
          
Average of the 420 Parapack 100 Knot Runs to be Used for Comparison 
AOA CL CD        
-2 0.12 0.05        
0 0.18 0.06        
2 0.27 0.07        
4 0.36 0.08        
6 0.44 0.09        
8 0.52 0.11        
10 0.62 0.13        
12 0.71 0.15        
14 0.78 0.19        
16 0.80 0.22        
18 0.80 0.26        
20 0.85 0.32        
22          
24          
26          
28          















 average for 420 Parapack; 100 knots: This plot demonstrates the shape and 

























420 PP 100 Ave CD
Figure E-l-4. C
D
 average for 420 Parapack; 100 knots: This plot demonstrates the shape 









Table E-m-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psiaft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         70 °F 529.7 °R 
Atmospheric Pressure     25.2 in. Hg 12.38 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     40.32 psi     
Reynolds number (Re)        1140000     
          
run 2         
Temperature         70 °F 529.7 °R 
Atmospheric Pressure     25.19 in. Hg 12.37 psi 
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     40.30 psi     











Table E-m-2            
           










AOA      Lift Drag Lift Drag  AOA      Lift Drag Lift Drag 
-2 4.6 39.9 6.0 42.2  -2 4.5 39.9 4.0 41.5 
0 9.2 42.0 11.1 44.8  0 9.6 42.1 9.9 43.0 
2 16.2 46.6 16.7 48.6  2 15.1 46.3 16.2 48.6 
4 21.4 50.7 25.4 56.3  4 22.6 52.8 24.4 55.2 
6 26.8 57.3 32.8 63.8  6 28.4 57.9 31.9 63.0 
8 31.7 62.4 39.9 72.3  8 33.4 65.6 41.4 73.4 
10 40.1 74.0 47.2 83.4  10 39.8 73.9 47.5 84.2 
12 47.7 88.5 51.0 94.3  12 47.9 88.6 51.5 96.8 
14 52.3 103.1 53.4 107.6  14 51.2 108.7 52.0 108.2 
16 51.6 128.4 51.6 128.4  16 51.2 126.0 51.2 126.0 
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     













Table E-m-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.10 0.06 0.12 0.07  -2 0.10 0.06 0.09 0.06 
0 0.16 0.07 0.19 0.07  0 0.17 0.07 0.17 0.07 
2 0.25 0.08 0.26 0.08  2 0.24 0.07 0.25 0.08 
4 0.32 0.08 0.38 0.10  4 0.34 0.09 0.36 0.09 
6 0.39 0.10 0.47 0.11  6 0.42 0.10 0.46 0.11 
8 0.46 0.11 0.57 0.13  8 0.48 0.12 0.59 0.14 
10 0.57 0.14 0.67 0.16  10 0.57 0.14 0.67 0.16 
12 0.67 0.17 0.72 0.18  12 0.68 0.17 0.72 0.19 
14 0.73 0.20 0.75 0.21  14 0.72 0.21 0.73 0.21 
16 0.73 0.25 0.73 0.25  16 0.72 0.24 0.72 0.24 
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     


















 for 420 Parapack, 120 knots: This plot demonstrates the shape 
and values of the trials of the 420 Parapack test wing for evaluation of similarity. 
Figure E-m-2. C
D
 for 420 Parapack, 120 knots: This plot demonstrates the shape 



































Statistics: 420 Parapack 120 Knots 
 CL CD 
N Valid 44 44 
Missing 0 0 
Mean .714925 .086575 
Std. Error of Mean 0 0 
Median .702211 .061888 
Mode .1532a -.0076a 
Std. Deviation .3168818 .0852549 
Variance .100 .007 
Skewness -.014 .769 
Kurtosis -1.185 -.630 
Range 1.0667 .2846 
Minimum .1532 -.0076 
Maximum 1.2199 .2771 
Sum 31.4567 3.8093 






Case Processing Summary: 420 Parapack 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 44 100.0% 0 0.0% 44 100.0% 






Tests of Normality: 420 Parapack 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .107 44 .200
* .954 44 .076 
CD .151 44 .013 .886 44 .000 
*. This is a lower bound of the true significance. 











ANOVA: 420 Parapack 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .002 3 .001 .005 .999 
Within Groups 4.316 40 .108   
Total 4.318 43    
CD 
Between Groups .011 3 .004 .482 .697 
Within Groups 302 40 .008   





Robust Tests of Equality of Means: 420 Parapack 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .005 3 22.205 1.000 
CD Welch .459 3 22.166 .714 




























Table E-m-9         
         
 
Average of the 420 Parapack 120 Knot Runs to be Used for Comparison 
AOA      CL CD        
-2 0.10 0.06        
0 0.16 0.07        
2 0.25 0.08        
4 0.33 0.09        
6 0.41 0.10        
8 0.47 0.11        
10 0.57 0.14        
12 0.67 0.17        
14 0.73 0.21        
16 0.72 0.25        
18          
20          
22          
24          
26          
28          















 average for 420 Parapack; 120 knots: This plot demonstrates 
the shape and average values of the trials of the 420 Parapack test wing. 
Figure E-m-2. C
D
 average for 420 Parapack; 120 knots: This plot demonstrates the 






























Appendix E-n: Treatment - 420 Parapack 140 Knots  
 
 
Table E-n-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      140 knots   
          
run 1         
Temperature         74 °F 533.67 °R 
Atmospheric Pressure     25.15 in. Hg 12.353 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     54.358 psi     
Reynolds number (Re)        1330000     
          
run 2         
Temperature         74 °F 533.67 °R 
Atmospheric Pressure     25.15 in. Hg 12.353 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     54.358 psi     










Table E-n-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 6.1 60.0 9.5 63.1  -2 6.6 61.0 7.1 64.3 
0 14.6 64.1 16.5 67.5  0 13.8 64.7 15.5 67.0 
2 21.7 67.9 23.4 72.0  2 20.3 68.3 24.4 72.5 
4 28.2 72.0 35.3 78.0  4 29.2 74.9 36.0 79.8 
6 36.8 78.5 44.1 87.6  6 35.3 78.1 44.8 88.0 
8 49.0 93.6 54.6 94.3  8 48.4 91.5 51.6 94.2 
10 56.5 102.1 61.4 108.3  10 56.9 102.7 61.1 107.5 
12 65.3 117.3 65.3 117.3  12 68.3 121.2 68.3 121.2 
14      14     
16      16     
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     











Table E-n-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.09 0.07 0.12 0.07  -2 0.09 0.07 0.10 0.07 
0 0.17 0.08 0.19 0.08  0 0.16 0.08 0.18 0.08 
2 0.24 0.08 0.26 0.09  2 0.23 0.08 0.27 0.09 
4 0.31 0.09 0.38 0.10  4 0.32 0.10 0.38 0.11 
6 0.39 0.10 0.46 0.12  6 0.38 0.10 0.47 0.12 
8 0.51 0.13 0.57 0.14  8 0.51 0.13 0.54 0.14 
10 0.59 0.15 0.63 0.17  10 0.59 0.15 0.63 0.16 
12 0.67 0.18 0.67 0.18  12 0.70 0.19 0.70 0.19 
14      14     
16      16     
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     















 for 420 Parapack; 140 knots: This plot demonstrates the shape 
and values of trials of the 420 Parapack test wing for evaluation of similarity. 
Figure E-s-2. C
D
 for 420 Parapack; 140 knots: This plot demonstrates the shape and 






































Statistics: 420 Parapack 140 Knots 
 CL CD 
N Valid 16 16 
Missing 0 0 
Mean 372012 .095054 
Std. Error of Mean .0507846 .0096856 
Median .346667 .082474 
Mode .0880a .0532a 
Std. Deviation .2031382 .0387422 
Variance .041 .002 
Skewness .201 .849 
Kurtosis -1.241 -.437 
Range .6152 .1199 
Minimum .0880 .0532 
Maximum .7032 .1731 
Sum 5.9522 1.5209 






Case Processing Summary: 420 Parapack 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 16 100.0% 0 0.0% 16 100.0% 






Tests of Normality: 420 Parapack 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .121 16 .200
* .942 16 .380 
CD .205 16 .070 .886 16 .048 
*. This is a lower bound of the true significance. 











ANOVA: 420 Parapack 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .994 
Within Groups .619 14 .044   
Total .619 15    
CD 
Between Groups .000 1 .000 .005 .943 
Within Groups .023 14 .002   






Robust Tests of Equality of Means: 420 Parapack 140 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 13.983 .994 
CD Welch .005 1 13.967 .943 





























Table E-n-7         
          
Average of the 420 Parapack 140 Knot Runs to be Used for Comparison 
AOA      CL CD        
-2 0.09 0.07        
0 0.17 0.08        
2 0.24 0.08        
4 0.31 0.09        
6 0.38 0.10        
8 0.51 0.13        
10 0.59 0.15        
12 0.69 0.19        
14          
16          
18          
20          
22          
24          
26          
28          





















 average for 420 Parapack; 140 knots: This plot demonstrates the 













420 PP 140 Ave CL
Figure E-n-4. C
D
 average for 420 Parapack; 140 knots: This plot demonstrates the 





















Table E-o-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      60 knots   
          
run 1         
Temperature         73 °F 532.67 °R 
Atmospheric Pressure     25.18 in. Hg 12.367 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     10.015 psi     
Reynolds number (Re)        570000       
          
run 2         
Temperature         65 °F 524.67 °R 
Atmospheric Pressure     25 in. Hg 12.279 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     10.095 psi     












Table E-o-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 3.8 2.9 5.0 4.4  -2 3.7 3.9 3.7 6.6 
0 5.5 4.1 7.0 5.8  0 5.9 4.3 5.6 7.5 
2 7.6 5.3 9.0 7.1  2 8.3 6.1 8.1 9.8 
4 9.4 7.3 10.9 9.5  4 10.0 7.9 10.6 12.4 
6 11.3 10.1 12.9 13.1  6 11.7 10.3 12.5 15.8 
8 13.2 13.5 14.9 16.3  8 13.1 13.3 14.6 19.8 
10 15.0 17.5 16.8 19.9  10 15.0 16.9 16.6 24.4 
12 16.6 20.4 18.8 24.1  12 17.0 21.3 18.7 29.4 
14 18.4 25.2 20.5 28.7  14 19.0 25.7 19.9 33.3 
16 19.7 29.8 21.7 33.7  16 20.3 30.4 21.4 39.3 
18 20.5 34.0 23.4 38.5  18 21.6 34.9 22.9 44.5 
20 21.9 40.0 24.5 43.2  20 22.7 39.1 24.0 49.7 
22 23.2 44.8 24.6 47.2  22 24.5 45.9 24.4 53.1 
24 23.7 50.3 17.0 72.5  24 24.9 52.9 19.7 70.1 
26 24.9 57.3 15.4 74.5  26 24.2 58.0 19.9 75.9 
28 24.1 60.8 14.7 79.0  28 23.2 64.9 20.7 81.3 











Table E-o-3            
           












AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.35 0.03 0.42 0.04  -2 0.35 0.03 0.35 0.05 
0 0.45 0.04 0.53 0.05  0 0.46 0.04 0.45 0.06 
2 0.56 0.04 0.63 0.05  2 0.59 0.05 0.58 0.07 
4 0.65 0.06 0.74 0.07  4 0.68 0.06 0.71 0.09 
6 0.76 0.07 0.84 0.09  6 0.77 0.07 0.81 0.11 
8 0.86 0.10 0.95 0.11  8 0.85 0.09 0.93 0.13 
10 0.96 0.12 1.05 0.14  10 0.95 0.12 1.03 0.16 
12 1.04 0.14 1.16 0.17  12 1.05 0.15 1.15 0.20 
14 1.14 0.17 1.25 0.20  14 1.16 0.18 1.21 0.22 
16 1.21 0.20 1.32 0.23  16 1.23 0.21 1.29 0.26 
18 1.25 0.23 1.41 0.26  18 1.30 0.24 1.37 0.30 
20 1.33 0.27 1.47 0.30  20 1.36 0.27 1.43 0.34 
22 1.40 0.31 1.47 0.32  22 1.45 0.31 1.45 0.36 
24 1.42 0.34 1.06 0.47  24 1.48 0.36 1.20 0.46 
26 1.49 0.39 0.98 0.48  26 1.44 0.39 1.21 0.50 
28 1.44 0.41 0.94 0.50  28 1.38 0.43 1.25 0.53 
















 for 210 Parapack, 60 knots: This plot demonstrates the shape and 






























 for 210 Parapack; 60 knots: This plot demonstrates the shape and 























Case Processing Summary: 210 Parapack 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 34 100.0% 0 0.0% 34 100.0% 






Tests of Normality: 210 Parapack 60 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .129 34 .161 .921 34 .017 
CD .125 34 .194 .909 34 .008 
*. This is a lower bound of the true significance. 
a. Lilliefors Significance Correction 
Statistics: 210 Parapack 60 Knots 
 CL CD 
N Valid 34 34 
Missing 0 0 
Mean 1.030823 .192773 
Std. Error of Mean .0618541 .0264993 
Median 1.096312 .159327 
Mode .3462a .0148a 
Std. Deviation .3606685 .1545163 
Variance .130 .024 
Skewness -.467 .766 
Kurtosis -1.049 -.258 
Range 1.1409 .5364 
Minimum .3462 .0148 
Maximum 1.4871 .5512 
Sum 35.0480 6.5543 











ANOVA: 210 Parapack 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .007 1 .007 .052 .821 
Within Groups 4.286 32 .134   
Total 4.293 33    
CD 
Between Groups .000 1 .000 .005 .945 
Within Groups .788 32 .025   






Robust Tests of Equality of Means: 210 Parapack 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .052 1 31.996 .821 
CD Welch .005 1 31.995 .945 






























Table E-o-9          
  
 
        
Average of the 210 Parapack 60 Knot Runs to be Used for Comparison 
AOA      CL  CD        
-2 0.35  0.03        
0 0.45  0.04        
2 0.57  0.05        
4 0.67  0.06        
6 0.76  0.07        
8 0.85  0.09        
10 0.95  0.12        
12 1.05  0.14        
14 1.15  0.17        
16 1.22  0.21        
18 1.28  0.23        
20 1.34  0.27        
22 1.42  0.31        
24 1.45  0.35        
26 1.46  0.39        
28 1.41  0.42        

























210 PP 60 Ave CL
Figure E-o-3. C
L
 average for 210 Parapack, 60 knots: This plot demonstrates the 
shape and average values of the trials of the 210 Parapack test wing.  
Figure E-o-4. C
D
 average for 210 Parapack, 60 knots: This plot demonstrates the 





















Table E-p-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         65 °F 524.67 °R 
Atmospheric Pressure     24.96 in. Hg 12.259 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     17.918 psi     
Reynolds number (Re)        760000       
          
run 2         
Temperature         66 °F 525.67 °R 
Atmospheric Pressure     24.96 in. Hg 12.259 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     17.883 psi     













Table E-p-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 6.6 4.2 6.4 4.7  -2 7.2 6.8 8.4 9.2 
2 14.4 8.2 14.5 9.7  2 14.2 10.1 14.9 11.5 
6 19.8 16.5 20.4 18.6  6 20.8 19.7 21.6 21.0 
10 26.1 25.5 27.2 29.9  10 26.9 30.0 28.1 31.8 
14 31.9 41.5 34.3 44.0  14 33.4 45.1 35.2 47.9 
18 37.9 58.2 40.3 61.2  18 38.7 59.8 41.2 63.3 
22 41.5 78.9 43.8 76.1  22 43.2 80.1 44.9 81.0 
26 40.9 99.0 42.7 95.8  26 43.3 97.5 43.2 99.5 




Table E-p-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.28 0.02 0.28 0.02  -2 0.30 0.03 0.34 0.04 
2 0.52 0.04 0.52 0.04  2 0.51 0.04 0.53 0.05 
6 0.68 0.07 0.70 0.07  6 0.71 0.08 0.73 0.08 
10 0.87 0.10 0.90 0.12  10 0.89 0.12 0.93 0.13 
14 1.04 0.16 1.11 0.18  14 1.09 0.18 1.14 0.19 
18 1.22 0.24 1.29 0.25  18 1.25 0.24 1.32 0.26 
22 1.33 0.32 1.40 0.32  22 1.38 0.33 1.43 0.34 
26 1.31 0.40 1.37 0.39  26 1.39 0.40 1.38 0.41 





























 for 210 Parapack, 80 knots: This plot demonstrates the shape and 
values of the trials of the 210 parapack treatment for evaluation of similarity. 
Figure E-p-2. C
D
 for 210 Parapack, 80 knots: This plot demonstrates the shape and 
























Statistics: 210 Parapack 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .970467 .196337 
Std. Error of Mean .0912685 .0387244 
Median 1.064747 .159366 
Mode 1.3829 .0074a 
Std. Deviation .3872195 .1642938 
Variance .150 .027 
Skewness -.550 .526 
Kurtosis -1.122 -1.091 
Range 1.1039 .4934 
Minimum .2821 .0074 
Maximum 1.3859 .5008 
Sum 17.4684 3.5341 






Case Processing Summary: 210 Parapack 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: 210 Parapack 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .186 18 .101 .885 18 .031 
CD .156 18 .200
* .906 18 .073 
*. This is a lower bound of the true significance. 











ANOVA: 210 Parapack 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .006 1 .006 .039 .845 
Within Groups 2.543 16 .159   
Total 2.549 17    
CD 
Between Groups .001 1 .001 .026 .873 
Within Groups .458 16 .029   






Robust Tests of Equality of Means: 210 Parapack 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .039 1 15.961 .845 
CD Welch .026 1 15.990 .873 
a. Asymptotically F distributed. 
 
 
Table E-p-9           
          
Average of the Two 210 Parapack 80 Knot Runs to be Used for Comparison 
AOA CL CD        
-2 0.29 0.02        
2 0.51 0.04        
6 0.69 0.07        
10 0.88 0.11        
14 1.06 0.17        
18 1.23 0.24        
22 1.36 0.33        
26 1.35 0.40        

















 average for 210 Parapack, 80 knots: This plot demonstrates the 
shape and average values of the trials of the 210 parapack treatment. 
Figure E-p-4. C
D
 average for 210 Parapack; 80 knots: This plot demonstrates the 


































Table E-q-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         66 °F 525.67 °R 
Atmospheric Pressure     24.96 in. Hg 12.259 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     27.943 psi     
Reynolds number (Re)        950000       
          
run 2         
Temperature         67 °F 526.67 °R 
Atmospheric Pressure     24.96 in. Hg 12.259 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     27.89 psi     












Table E-q-2            
           










AOA      Lift Drag Lift Drag  AOA      Lift Drag Lift Drag 
-2 9.9 7.4 11.2 8.6  -2 10.0 8.8 10.2 9.9 
2 20.6 10.1 21.2 13.7  2 19.9 12.1 21.9 16.0 
6 29.4 23.9 32.7 27.8  6 28.5 26.4 32.9 30.0 
10 37.6 40.6 43.8 44.8  10 38.7 44.9 43.2 47.5 
14 46.9 59.8 55.7 68.0  14 48.8 64.9 52.6 58.5 
18 57.2 88.1 63.4 93.1  18 56.7 86.4 63.7 95.2 
22 64.0 110.3 64.0 110.3  22 64.2 114.9 64.2 114.9 
26      26     
30           30         
 
 
Table E-q-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.24 0.02 0.27 0.02  -2 0.25 0.02 0.25 0.03 
2 0.45 0.03 0.46 0.04  2 0.44 0.03 0.48 0.04 
6 0.62 0.06 0.68 0.07  6 0.60 0.07 0.69 0.08 
10 0.78 0.11 0.90 0.12  10 0.80 0.12 0.89 0.13 
14 0.96 0.16 1.13 0.20  14 0.99 0.18 1.07 0.17 
18 1.15 0.25 1.27 0.28  18 1.15 0.25 1.28 0.29 
22 1.29 0.33 1.29 0.33  22 1.29 0.34 1.29 0.34 
26      26     












 for 210 Parapack, 100 knots: This plot demonstrates the shape and 
values of the trials of the 210 parapack treatment for evaluation of similarity. 
Figure E-q-2. CD for 210 Parapack, 100 knots: This plot demonstrates the shape and 






































Statistics: 210 Parapack 100 Knots 
 CL CD 
N Valid 14 14 
Missing 0 0 
Mean .786308 .127037 
Std. Error of Mean .0973009 .0305725 
Median .788655 .097990 
Mode .2444a .0066a 
Std. Deviation .3640666 .1143920 
Variance .133 .013 
Skewness -.081 .651 
Kurtosis -1.294 -.921 
Range 1.0472 .3243 
Minimum .2444 .0066 
Maximum 1.2916 .3310 
Sum 11.0083 1.7785 






Case Processing Summary: 210 Parapack 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 14 100.0% 0 0.0% 14 100.0% 






Tests of Normality: 210 Parapack 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .125 14 .200
* .936 14 .369 
CD .169 14 .200
* .887 14 .073 
*. This is a lower bound of the true significance. 











ANOVA: 210 Parapack 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .001 .981 
Within Groups 1.723 12 .144   
Total 1.723 13    
CD 
Between Groups .000 1 .000 .013 .911 
Within Groups .170 12 .014   






Robust Tests of Quality of Means: 210 Parapack 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .001 1 11.997 .981 
CD Welch .013 1 11.998 .911 
a. Asymptotically F distributed. 
 
 
Table E-q-7           
          
Average of the Two 210 Parapack 100 Knot Runs to be Used for Comparison 
AOA CL CD        
-2 0.25 0.02        
2 0.44 0.03        
6 0.61 0.07        
10 0.79 0.11        
14 0.98 0.17        
18 1.15 0.25        
22 1.29 0.34        
26          

























210 PP 100 ave CL
Figure E-q-3. C
L
 average for 210 Parapack, 100 knots: This plot demonstrates the 
shape and average values of the trials of the 210 parapack treatment. 
Figure E-q-4. C
D
 average for 210 Parapack, 100 knots: This plot demonstrates the 






















Table E-r-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         67 °F 526.67 °R 
Atmospheric Pressure     24.95 in. Hg 12.254 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     40.145 psi     
Reynolds number (Re)        1140000     
          
run 2         
Temperature         68 °F 527.67 °R 
Atmospheric Pressure     24.96 in. Hg 12.259 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     40.085 psi     













Table E-r-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 13.2 13.2 17.9 15.2  -2 14.7 13.3 13.3 12.8 
2 26.8 19.8 31.4 22.8  2 27.3 18.3 30.4 21.8 
6 42.1 38.6 45.0 41.0  6 40.9 35.3 46.3 41.5 
10 55.7 61.4 62.1 66.7  10 54.9 57.4 62.8 65.1 
14 69.6 90.7 76.4 93.5  14 68.8 87.4 78.5 96.1 
18 82.6 119.9 82.6 119.9  18 89.0 127.8 89.0 127.8 
22      22     
26      26     




Table E-r-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.21 0.02 0.28 0.03  -2 0.23 0.02 0.22 0.02 
2 0.40 0.04 0.46 0.04  2 0.40 0.03 0.45 0.04 
6 0.60 0.07 0.64 0.08  6 0.59 0.07 0.66 0.08 
10 0.78 0.12 0.87 0.14  10 0.77 0.11 0.88 0.14 
14 0.97 0.20 1.06 0.21  14 0.96 0.19 1.09 0.22 
18 1.14 0.28 1.14 0.28  18 1.23 0.31 1.23 0.31 
22      22     
26      26     




























 for 210 Parapack, 120 knots: This plot demonstrates the shape and 
values of the trials of the 210 parapack treatment for evaluation of similarity. 
Figure E-r-2. C
D
 for 210 Parapack, 120 knots: This plot demonstrates the shape and 
























Statistics: 210 Parapack 120 Knots 
 CL CD 
N Valid 12 12 
Missing 0 0 
Mean .691559 .106420 
Std. Error of Mean .0987107 .0288674 
Median .687598 .077253 
Mode .2143a .0088a 
Std. Deviation .3419438 .0999996 
Variance .117 .010 
Skewness .099 .854 
Kurtosis -1.175 -.487 
Range 1.0170 .2867 
Minimum .2143 .0088 
Maximum 1.2312 .2955 
Sum 8.2987 1.2770 






Case Processing Summary: 210 Parapack 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 12 100.0% 0 0.0% 12 100.0% 






Tests of Normality: 210 Parapack 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .133 12 .200 .950 12 .636 
CD .191 12 .200 .873 12 .072 
*. This is a lower bound of the true significance. 











ANOVA: 210 Parapack 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .004 .949 
Within Groups 1.286 10 .129   
Total 1.286 11    
CD 
Between Groups .000 1 .000 .000 .984 
Within Groups .110 10 .011   






Robust Tests of Equality of Means: 210 Parapack 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .004 1 9.978 .949 
CD Welch .000 1 9.901 .984 
a. Asymptotically F distributed. 
 
 
Table E-r-9          
         
Average of the Two 210 Parapack 120 Knot Runs to be Used for Comparison 
AOA CL CD       
-2 0.22 0.02       
2 0.40 0.03       
6 0.59 0.07       
10 0.78 0.12       
14 0.96 0.19       
18 1.19 0.30       
22         
26         

























210 PP 120 ave CL
Figure E-r-3. C
L
 average for 210 Parapack; 120 knots: This plot demonstrates the 
shape and average values of the trials of the 210 parapack treatment. 
Figure E-r-4. C
D
 average for 210 Parapack; 120 knots: This plot demonstrates the 





















Table E-s-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      140 knots   
          
run 1         
Temperature         65 °F 524.67 °R 
Atmospheric Pressure     24.98 in. Hg 12.269 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     54.917 psi     
Reynolds number (Re)        1330000     
          
run 2         
Temperature         66 °F 525.67 °R 
Atmospheric Pressure     24.98 in. Hg 12.269 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     54.812 psi     













Table E-s-2            
           










AOA      Lift Drag Lift Drag  AOA      Lift Drag Lift Drag 
-2 19.6 18.7 19.1 27.8  -2 20.1 17.9 19.1 38.2 
2 38.6 28.2 41.2 31.6  2 40.2 40.9 43.6 51.1 
6 57.7 54.8 63.7 58.8  6 60.2 72.8 62.9 71.6 
10 76.1 82.3 86.1 92.3  10 75.1 97.0 82.9 97.8 
14 94.2 118.7 94.2 118.7  14 95.2 131.0 95.2 131.0 
18      18     
22      22     
26      26     




Table E-s-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.22 0.02 0.21 0.03  -2 0.22 0.02 0.21 0.05 
2 0.41 0.04 0.43 0.04  2 0.42 0.06 0.46 0.07 
6 0.59 0.08 0.65 0.09  6 0.62 0.11 0.64 0.11 
10 0.77 0.14 0.87 0.16  10 0.76 0.16 0.84 0.17 
14 0.95 0.22 0.95 0.22  14 0.96 0.24 0.96 0.24 
18      18     
22      22     
26      26     






























 for 210 Parapack; 140 knots: This plot demonstrates the shape and 
values of the trials of the 210 parapack treatment for evaluation of similarity. 
Figure E-s-2. C
D
 for 210 Parapack; 140 knots: This plot demonstrates the shape and 
























Statistics: 210 Parapack 140 Knots 
 CL CD 
N Valid 5 10 
Missing 5 0 
Mean .587793 .079772 
Std. Error of Mean .1292537 .0222227 
Median .592296 .056909 
Mode .2193a .0085a 
Std. Deviation .2890201 .0702745 
Variance .084 .005 
Skewness -.042 .823 
Kurtosis -1.219 -.702 
Range .7303 .1910 
Minimum .2193 .0085 
Maximum .9496 .1995 
Sum 2.9390 .7977 






Case Processing Summary: 210 Parapack 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 5 50.0% 5 50.0% 10 100.0% 






Tests of Normality: 210 Parapack 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .139 5 .200
* .986 5 .964 
CD .194 5 .200
* .921 5 .535 
*. This is a lower bound of the true significance. 











ANOVA: 210 Parapack 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups There are fewer than two groups for dependent 





Between Groups .000 1 .000 .008 .930 
Within Groups .044 8 .006   






Robust Tests of Equality of Means: 210 Parapack 140 Knots 
 Statistica df1 df2 Sig. 
CL Welch     
CD Welch .008 1 7.924 .930 
a. Asymptotically F distributed. 
 
 
Table E-s-9           
          
Average of the Two 210 Parapack 140 Knot Runs to be Used for Comparison 
AOA CL CD        
-2 0.22 0.02        
2 0.41 0.05        
6 0.61 0.10        
10 0.77 0.15        
14 0.96 0.23        
18          
22          
26          



















 average for 210 Parapack, 140 knots: This plot demonstrates the 
shape and average values of trials of the 210 parapack treatment.  
Figure E-s-4. C
D
 average for 210 Parapack, 140 knots: This plot demonstrates the shape 


































Table E-t-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.00018    
Universal gas constant R in psia-
ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      60 knots   
          
run 1         
Temperature 71 °F 530.7 °R 
Atmospheric Pressure 24.9 in. Hg 12.23 psi 
Air density = ρ slugs/ft3 = (MW)P/RT 0.00193 slugs/ft3     
Dynamic press. q =.5ρV2 9.94073 psi     
Reynolds number (Re)  570000       
          
run 2         
Temperature 72 °F 531.7 °R 
Atmospheric Pressure 24.9 in. Hg 12.23 psi 
Air density = ρ slugs/ft3 = (MW)P/RT 0.00193 slugs/ft3     
Dynamic press. q =.5ρV2 9.92204 psi     























Table E-t-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 3.4 2.7 3.4 3.0  -2 3.8 2.5 4.1 3.0 
2 7.4 5.1 7.8 6.0  2 7.4 4.7 8.2 6.2 
6 10.8 9.6 11.4 11.2  6 11.5 10.1 11.4 10.8 
10 14.2 15.8 15.2 18.3  10 14.6 16.1 15.2 18.3 
14 17.9 24.9 19.6 27.7  14 17.6 23.5 19.4 27.5 
18 20.1 33.9 22.5 37.6  18 20.2 33.8 22.4 38.1 
22 23.2 46.3 24.2 46.5  22 23.4 45.1 24.6 47.6 
26 23.2 61.9 18.9 73.5  26 23.5 63.1 18.6 72.9 




Table E-t-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.34 0.03 0.34 0.03  -2 0.36 0.03 0.37 0.03 
2 0.55 0.04 0.57 0.05  2 0.55 0.04 0.60 0.05 
6 0.74 0.07 0.77 0.08  6 0.77 0.07 0.77 0.08 
10 0.92 0.11 0.97 0.13  10 0.94 0.11 0.98 0.13 
14 1.12 0.17 1.21 0.19  14 1.11 0.16 1.20 0.19 
18 1.24 0.23 1.37 0.26  18 1.25 0.23 1.37 0.26 
22 1.41 0.31 1.46 0.32  22 1.42 0.31 1.48 0.33 
26 1.41 0.42 1.17 0.48  26 1.43 0.43 1.16 0.48 













   
Figure E-t-1. C
L
 for 1.9 oz. Ripstop Nylon, 60 knots: This plot shows the shape and 
values of the trials of the 1.9 oz. Ripstop nylon treatment for evaluation of similarity. 
Figure E-t-2. C
D
 for 1.9 oz. Ripstop Nylon, 60 knots: This plot shows the shape and 






































Statistics: 1.9 oz. Ripstop 60 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .999095 .201672 
Std. Error of Mean .0869891 .0417414 
Median 1.112465 .152479 
Mode 1.4062 .0128a 
Std. Deviation .3690635 .1770936 
Variance .136 .031 
Skewness -.558 .773 
Kurtosis -.982 -.584 
Range 1.0898 .5373 
Minimum .3353 .0128 
Maximum 1.4251 .5501 
Sum 17.9837 3.6301 






Case Processing Summary: 1.9 oz. Ripstop 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: 1.9 oz. Ripstop 60 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .169 18 .188 .902 18 .063 
CD .163 18 .200
* .889 18 .037 
*. This is a lower bound of the true significance. 











ANOVA: 1.9 oz. Ripstop 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .004 .950 
Within Groups 2.315 16 .145   
Total 2.316 17    
CD 
Between Groups .000 1 .000 .001 .974 
Within Groups .533 16 .033   






Robust Tests of Equality of Means: 1.9 oz. Ripstop 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .004 1 15.998 .950 
CD Welch .001 1 15.993 .974 
a. Asymptotically F distributed. 
 
 
Table E-t-9         
         
Average of the Two 1.9 oz. Ripstop Nylon 60 Knot Runs to be Used for Comparison 
AOA CL CD       
-2 0.35 0.03       
2 0.55 0.04       
6 0.76 0.07       
10 0.93 0.11       
14 1.11 0.17       
18 1.24 0.23       
22 1.41 0.31       
26 1.42 0.42       

















 average for 1.9 oz. Ripstop Nylon; 60 knots: This plot shows the 
shape and average values of the trials of the 1.9 oz. Ripstop nylon treatment. 
Figure E-t-4. C
D
 average for 1.9 oz. Ripstop Nylon; 60 knots: This plot shows the 


































Table E-u-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         73.5 °F 533.17 °R 
Atmospheric Pressure     25 in. Hg 12.279 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     17.66 psi     
Reynolds number (Re)        760000       
          
run 2         
Temperature         74 °F 533.67 °R 
Atmospheric Pressure     25 in. Hg 12.279 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     17.644 psi     












Table E-u-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 7.0 3.9 6.7 4.2  -2 6.7 4.5 7.0 4.4 
2 13.3 8.5 14.0 9.0  2 13.8 9.2 13.8 9.2 
6 19.4 16.3 20.9 19.3  6 19.6 17.2 20.1 18.2 
10 25.8 27.8 27.7 31.3  10 26.3 29.2 27.0 29.8 
14 32.2 42.6 34.1 46.0  14 32.4 43.8 34.1 46.4 
18 38.1 60.3 39.9 63.7  18 38.4 61.5 39.5 62.2 
22 42.3 79.1 42.7 82.8  22 41.7 78.2 42.8 80.9 
26 42.5 105.0 41.5 107.0  26 41.7 97.6 40.3 98.0 




Table E-u-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.30 0.02 0.29 0.02  -2 0.29 0.02 0.30 0.02 
2 0.49 0.04 0.51 0.04  2 0.51 0.04 0.51 0.04 
6 0.68 0.07 0.72 0.08  6 0.68 0.07 0.70 0.07 
10 0.87 0.11 0.93 0.13  10 0.89 0.12 0.91 0.12 
14 1.07 0.17 1.12 0.19  14 1.07 0.18 1.12 0.19 
18 1.25 0.25 1.30 0.26  18 1.26 0.25 1.29 0.26 
22 1.37 0.33 1.39 0.35  22 1.36 0.33 1.39 0.34 
26 1.38 0.44 1.35 0.44  26 1.36 0.41 1.31 0.40 















 for 1.9 oz. Ripstop Nylon; 80 knots: This plot shows the shape and 
values of the trials of the 1.9 oz. Ripstop nylon treatment for evaluation of similarity. 
Figure E-u-2. C
D
 for 1.9 oz. Ripstop Nylon; 80 knots: This plot shows the shape and 






































Statistics: 1.9 oz. Ripstop, 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .969566 .205087 
Std. Error of Mean .0922201 .0421872 
Median 1.069062 .160858 
Mode 1.3560 .0065a 
Std. Deviation .3912568 .1789851 
Variance .153 .032 
Skewness -.543 .640 
Kurtosis -1.201 -.826 
Range 1.0896 .5308 
Minimum .2895 .0065 
Maximum 1.3791 .5374 
Sum 17.4522 3.6916 






Case Processing Summary: 1.9 oz. Ripstop, 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: 1.9 oz. Ripstop, 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .204 18 .046 .871 18 .018 
CD .161 18 .200
* .898 18 .054 
*. This is a lower bound of the true significance. 











ANOVA: 1.9 oz. Ripstop, 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .993 
Within Groups 2.602 16 .163   
Total 2.602 17    
CD 
Between Groups .000 1 .000 .000 .993 
Within Groups .545 16 .034   






Robust Tests of Equality of Means: 1.9 oz. Ripstop, 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 15.998 .993 
CD Welch .000 1 15.988 .993 
a. Asymptotically F distributed. 
 
 
Table E-u-9          
         
Average of the Two 1.9 oz. Ripstop Nylon 80 Knot Runs to be Used for Comparison 
AOA CL CD       
-2 0.29 0.02       
2 0.50 0.04       
6 0.68 0.07       
10 0.88 0.11       
14 1.07 0.17       
18 1.25 0.25       
22 1.36 0.33       
26 1.37 0.42       

























1.9 oz. RSN 80 ave CL
Figure E-u-3. C
L
 average for 1.9 oz. Ripstop Nylon; 80 knots: This plot shows the 
shape and average values of the trials of the 1.9 oz. Ripstop nylon treatment.  
Figure E-u-4. C
D
 average for 1.9 oz. Ripstop Nylon; 80 knots: This plot shows the 





















Table E-v-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         73.5 °F 533.17 °R 
Atmospheric Pressure     25 in. Hg 12.279 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     27.594 psi     
Reynolds number (Re)        950000       
          
run 2         
Temperature         74 °F 533.67 °R 
Atmospheric Pressure     25 in. Hg 12.279 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     27.568 psi     













Table E-v-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 9.7 5.8 10.8 6.2  -2 9.3 5.4 10.6 6.2 
2 19.1 11.4 21.1 13.6  2 19.8 11.4 22.8 15 
6 29.7 24.5 31.7 28  6 30.1 24.6 32.6 28.9 
10 39.9 41.4 42.4 45.7  10 38.9 39.8 42.3 45.9 
14 49.1 61.7 52.9 68.5  14 49.9 64.1 50.4 63.2 
18 59.2 88.2 61.4 93.2  18 59.2 88.9 60.1 89 
22 65.6 115.3 65.6 115.3  22 65.2 112.6 65.2 112.6 
26      26     




Table E-v-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.24 0.02 0.26 0.02  -2 0.24 0.02 0.26 0.02 
2 0.43 0.03 0.47 0.04  2 0.44 0.03 0.50 0.04 
6 0.63 0.06 0.67 0.07  6 0.64 0.06 0.69 0.08 
10 0.83 0.11 0.88 0.12  10 0.81 0.11 0.88 0.13 
14 1.01 0.17 1.09 0.20  14 1.03 0.18 1.04 0.18 
18 1.21 0.26 1.25 0.28  18 1.21 0.26 1.23 0.26 
22 1.33 0.35 1.33 0.35  22 1.33 0.34 1.33 0.34 
26           

















 for 1.9 oz. Ripstop Nylon; 100 knots. This plot demonstrates the 




 for 1.9 oz. Ripstop Nylon, 100 knots. This plot demonstrates the 







































Statistics: 1.9 oz. Ripstop 100 Knots 
 CL CD 
N Valid 14 14 
Missing 0 0 
Mean .813372 .129518 
Std. Error of Mean .1032609 .0320389 
Median .822984 .094343 
Mode 1.2091 .0023a 
Std. Deviation .3863668 .1198785 
Variance .149 .014 
Skewness -.124 .651 
Kurtosis -1.341 -.964 
Range 1.0980 .3368 
Minimum .2360 .0023 
Maximum 1.3339 .3391 
Sum 11.3872 1.8133 





Case Processing Summary: 1.9 oz. Ripstop 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 14 100.0% 0 0.0% 14 100.0% 






Tests of Normality: 1.9 oz. Ripstop 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .133 14 .200 .929 14 .297 
CD  .179 14 .200 .883 14 .063 
*. This is a lower bound of the true significance. 











ANOVA: 1.9 oz. Ripstop 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .999 
Within Groups 1.941 12 .162   
Total 1.941 13    
CD 
Between Groups .000 1 .000 .000 .992 
Within Groups .187 12 .016   






Robust Tests of Equality of Means: 1.9 oz. Ripstop 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 12.000 .999 
CD Welch .000 1 11.998 .992 
a. Asymptotically F distributed. 
 
 
Table E-v-9           
          
Average of the Two 1.9 oz. Ripstop Nylon 100 Knot Runs to be Used for 
Comparison 
AOA CL CD        
-2 0.24 0.02        
2 0.43 0.03        
6 0.64 0.06        
10 0.82 0.11        
14 1.02 0.18        
18 1.21 0.26        
22 1.33 0.35        
26          















 average for 1.9 oz. Ripstop Nylon, 100 knots: This plot shows the shape 
and average values of the trials of the 1.9 oz. Ripstop nylon treatment.  
Figure E-v-4. C
D
 average for 1.9 oz. Ripstop Nylon, 100 knots: This plot shows the shape 






























Appendix E-w: Treatment – 1.9 oz. Ripstop 120 Knots 
 
Table E-w-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         75 °F 534.67 °R 
Atmospheric Pressure     25 in. Hg 12.279 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     39.62 psi     
Reynolds number (Re)        1140000     
          
run 2         
Temperature         75 °F 534.67 °R 
Atmospheric Pressure     25 in. Hg 12.279 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     39.62 psi     














Table E-w-2            
             












AOA      Lift Drag Lift Drag  AOA      Lift Drag Lift Drag 
-2 15.6 8.7 13.2 8.9  -2 13.4 7.2 14.2 8.0 
0 21.2 11.7 23.7 13.6  0 20.9 10.6 21.6 12.0 
2 30.2 18.9 31.8 20.9  2 29.2 17.2 30.2 19.0 
4 37.6 27.3 38.1 28.5  4 38.0 28.2 37.2 27.7 
6 43.4 36.7 43.9 37.8  6 45.3 38.8 45.3 39.5 
8 50.8 48.1 51.4 48.5  8 50.8 47.6 52.9 50.5 
10 56.3 56.8 60.5 64.3  10 55.3 54.7 58.2 59.7 
12 64.3 73.1 68.8 81.9  12 62.9 70.4 64.8 72.1 
14 72.8 91.8 73.7 91.4  14 73.3 93.4 74.3 92.8 
16 78.2 102.6 83.2 114.0  16 80.2 108.0 80.3 106.2 
18 87.6 126.9 87.6 126.9  18 86.4 124.1 86.4 124.1 
20      20     
22      22     
24      24     
26      26     
28      28     












Table E-w-3            
           










AOA      CL CD CL CD   AOA      CL CD CL CD 
-2 0.25 0.02 0.22 0.02  -2 0.22 0.01 0.23 0.02 
0 0.33 0.02 0.36 0.03  0 0.32 0.02 0.33 0.02 
2 0.45 0.04 0.47 0.04  2 0.43 0.03 0.45 0.04 
4 0.55 0.05 0.55 0.05  4 0.55 0.05 0.54 0.05 
6 0.63 0.07 0.63 0.07  6 0.65 0.08 0.65 0.08 
8 0.73 0.10 0.74 0.10  8 0.73 0.10 0.76 0.10 
10 0.80 0.12 0.86 0.14  10 0.79 0.11 0.83 0.13 
12 0.91 0.16 0.97 0.18  12 0.89 0.15 0.92 0.16 
14 1.03 0.21 1.04 0.21  14 1.03 0.21 1.05 0.21 
16 1.10 0.24 1.17 0.28  16 1.13 0.26 1.13 0.25 
18 1.23 0.32 1.23 0.32  18 1.21 0.31 1.21 0.31 
20      20     
22      22     
24      24     
26      26     
28      28     















Figure E-w-1. CL for 1.9 oz. Ripstop nylon, 120 knots. This plot demonstrates the shape and 
values of the trials of the 1.9 oz. Ripstop nylon test wing for evaluation of similarity. 
Figure E-w-2. CD for 1.9 oz. Ripstop nylon, 120 knots. This plot demonstrates the shape 






































Statistics: 1.9 oz. Ripstop 120 Knots 
 CL CD 
N Valid 22 22 
Missing 0 0 
Mean .724862 .103031 
Std. Error of Mean .0671852 .0200856 
Median .727267 .078207 
Mode .7273 -.0005a 
Std. Deviation .3151266 .0942099 
Variance .099 .009 
Skewness .005 .762 
Kurtosis -1.125 -.609 
Range 1.0068 .2943 
Minimum .2198 -.0005 
Maximum 1.2266 .2938 
Sum 15.9470 2.2667 






Case Processing Summary: 1.9 oz. Ripstop 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 22 100.0% 0 0.0% 22 100.0% 






Tests of Normality: 1.9 oz. Ripstop 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .103 22 .200
* .957 22 .424 
CD .154 22 .189 .893 22 .022 
*. This is a lower bound of the true significance. 











ANOVA: 1.9 oz. Ripstop 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .984 
Within Groups 2.085 20 .104   
Total 2.085 21    
CD 
Between Groups .000 1 .000 .000 .995 
Within Groups .186 20 .009   






Robust Tests of Equality of Means: 1.9 oz. Ripstop 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 19.995 .984 
CD Welch .000 1 19.999 .995 






























Table E-w-9        
         
Average of the 1.9 oz. Ripstop Nylon, 120 Knots Runs Used for Comparison 
AOA      CL CD       
-2 0.23 0.02       
0 0.32 0.02       
2 0.44 0.03       
4 0.55 0.05       
6 0.64 0.07       
8 0.73 0.10       
10 0.80 0.12       
12 0.90 0.15       
14 1.03 0.21       
16 1.11 0.25       
18 1.22 0.31       
20         
22         
24         
26         
28         













Figure E-w-3. CL average for 1.9 oz. Ripstop Nylon, 100 knots: This plot shows the 
shape and average values of the trials of the 1.9 oz. Ripstop nylon treatment.  
 
Figure E-w-4. CD average for 1.9 oz. Ripstop Nylon, 100 knots: This plot shows the 



































Table E-x-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0001780   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      140 knots   
          
run 1         
Temperature         74.5 °F 534.17 °R 
Atmospheric Pressure     25.06 in. Hg 12.308 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     54.11 psi     
Reynolds number (Re)        1330000     
          
run 2         
Temperature         71 °F 530.67 °R 
Atmospheric Pressure     25.15 in. Hg 12.353 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     54.67 psi     












Table E-x-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 16.7 12.3 19.4 14.2  -2 15.8 13.7 22.2 17.1 
0 26.7 16.0 27.6 17.9  0 26.5 17.9 29.4 21.2 
2 37.3 23.5 38.8 26.4  2 39.6 27.1 37.7 26.7 
4 50.3 38.2 48.0 36.2  4 49.2 38.5 49.3 39.8 
6 58.5 49.6 59.7 52.3  6 58.3 50.3 60.8 54.6 
8 66.9 61.8 70.8 66.8  8 67.9 64.0 72.2 71.1 
10 80.6 83.7 81.6 85.0  10 78.4 80.3 80.8 85.2 
12 88.6 98.0 89.7 100.5  12 86.7 97.6 86.7 97.6 
14 94.8 112.4 94.8 112.4  14     
16      16     
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     













Table E-x-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.19 0.02 0.22 0.02  -2 0.18 0.02 0.25 0.02 
0 0.29 0.02 0.30 0.02  0 0.29 0.02 0.32 0.03 
2 0.40 0.03 0.41 0.04  2 0.42 0.04 0.40 0.04 
4 0.53 0.06 0.50 0.05  4 0.51 0.06 0.51 0.06 
6 0.61 0.08 0.62 0.08  6 0.60 0.08 0.63 0.08 
8 0.69 0.10 0.73 0.11  8 0.70 0.10 0.74 0.12 
10 0.83 0.15 0.84 0.15  10 0.80 0.14 0.82 0.15 
12 0.91 0.18 0.92 0.19  12 0.88 0.18 0.88 0.18 
14      14     
16      16     
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     














    
Figure E-x-1. CL for 1.9 oz. Ripstop nylon, 140 knots. This plot shows the shape and 
values of the trials of the 1.9 oz. Ripstop nylon test wing for evaluation of similarity. 
Figure E-x-2. CD for 1.9 oz. Ripstop nylon, 140 knots. This plot shows the shape and 






































Statistics: 1.9 oz. Ripstop 140 Knots 
 CL CD 
N Valid 25 25 
Missing 0 0 
Mean .576078 .066676 
Std. Error of Mean .0493998 .0119951 
Median .600921 .057129 
Mode .1829a .0010a 
Std. Deviation .2469990 .0599755 
Variance .061 .004 
Skewness -.035 .725 
Kurtosis -1.183 -.671 
Range .7918 .1914 
Minimum .1829 .0010 
Maximum .9748 .1924 
Sum 14.4020 1.6669 






Case Processing Summary: 1.9 oz. Ripstop 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 25 100.0% 0 0.0% 25 100.0% 






Tests of Normality: 1.9 oz. Ripstop 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .100 25 .200
* .953 25 .287 
CD .156 25 .116 .894 25 .014 
*. This is a lower bound of the true significance. 











ANOVA: 1.9 oz. Ripstop 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups 015 2 .007 .112 .895 
Within Groups 1.449 22 .066   
Total 1.464 24    
CD 
Between Groups .001 2 .001 .131 .878 
Within Groups .085 22 .004   






Robust Tests of Equality of Means: 1.9 oz. Ripstop 140 Knots 
 Statistica df1 df2 Sig. 
CL Welch .104 2 14.644 .902 
CD Welch .123 2 14.613 .885 






























Table E-x-9        
         
Average of the 1.9 oz. Ripstop Nylon, 140 Knots Runs Used for Comparison 
AOA      CL CD       
-2 0.19 0.02       
0 0.29 0.02       
2 0.41 0.04       
4 0.52 0.06       
6 0.60 0.08       
8 0.69 0.10       
10 0.81 0.14       
12 0.89 0.18       
14         
16         
18         
20         
22         
24         
26         
28         















 average for 1.9 oz. Ripstop Nylon, 140 knots. This plot shows the 
shape and average values of the trials of the 1.9 oz. Ripstop nylon treatment.  
Figure E-x-4. C
D
 average for 1.9 oz. Ripstop Nylon, 140 knots. This plot shows the 






























Appendix E-y: Treatment – Smooth 2mm Neoprene 60 Knots 
 
Table E-y-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-
ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      60 knots   
          
run 1         
Temperature         71 °F 530.67 °R 
Atmospheric Pressure     25.01 in. Hg 12.284 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     9.985 psi     
Reynolds number (Re)        570000     
          
run 2         
Temperature         71 °F 530.67 °R 
Atmospheric Pressure     25.01 in. Hg 12.284 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     9.985 psi     










Table E-y-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 3.7 2.9 3.6 3.1  -2 3.7 2.7 3.9 2.9 
2 7.7 5.4 7.6 5.4  2 7.5 4.9 7.8 5.5 
6 11.5 9.9 12.0 11.5  6 11.4 9.8 11.8 10.9 
10 15.0 16.5 16.5 19.8  10 14.8 16.4 15.8 18.8 
14 18.3 24.7 19.8 27.8  14 18.4 25.5 20.1 28.7 
18 20.4 33.7 22.8 39.0  18 20.5 35.3 22.9 39.8 
22 23.4 47.1 24.7 48.9  22 23.5 46.8 24.9 50.5 
26 24.9 57.8 25.2 58.6  26 24.9 57.8 25.2 59.2 




Table E-y-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.35 0.03 0.34 0.03  -2 0.35 0.03 0.36 0.03 
2 0.57 0.04 0.56 0.04  2 0.55 0.04 0.57 0.04 
6 0.77 0.07 0.80 0.08  6 0.76 0.07 0.79 0.08 
10 0.96 0.11 1.04 0.14  10 0.95 0.11 1.00 0.13 
14 1.14 0.17 1.22 0.19  14 1.14 0.17 1.23 0.20 
18 1.25 0.23 1.38 0.27  18 1.25 0.24 1.38 0.27 
22 1.41 0.32 1.48 0.33  22 1.42 0.32 1.49 0.34 
26 1.49 0.39 1.51 0.40  26 1.49 0.39 1.51 0.40 














 for 2mm smooth neoprene; 60 knots. This plot shows the shape 
and values of the trials of the 2mm smooth neoprene treatment for similarity. 
Figure E-y-2. C
D
 for 2mm smooth neoprene, 60 knots. This plot demonstrates the 






































Statistics: Smooth 2mm Neoprene 60 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean 1.042820 .191846 
Std. Error of Mean .0943581 .0367164 
Median 1.138845 .157907 
Mode .3500a .3800a 
Std. Deviation .4003273 .1557744 
Variance .160 .024 
Skewness -.502 .502 
Kurtosis -1.118 -1.147 
Range 1.1415 .4459 
Minimum .3500 .0139 
Maximum 1.4915 .4598 
Sum 18.7708 3.4532 






Case Processing Summary: Smooth 2mm Neoprene 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Smooth 2mm Neoprene 60 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .154 18 .200
* .895 18 .047 
CD .164 18 .200
* .898 18 .052 
*. This is a lower bound of the true significance. 











ANOVA: Smooth 2mm Neoprene 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .995 
Within Groups 2.724 16 .170   
Total 2.724 17    
CD 
Between Groups .000 1 .000 .000 .991 
Within Groups .413 16 .026   






Robust Tests of Equality of Means: Smooth 2mm Neoprene 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 15.999 .995 
CD Welch .000 1 16.000 .991 
a. Asymptotically F distributed. 
 
 
Table E-y-9           
          
Average of the Two 2mm Smooth Neoprene 60 Knot Runs to be Used for 
Comparison 
AOA CL CD        
-2 0.35 0.03        
2 0.56 0.04        
6 0.77 0.07        
10 0.95 0.11        
14 1.14 0.17        
18 1.25 0.23        
22 1.41 0.32        
26 1.49 0.39        

















 average for smooth 2mm neoprene, 60 knot. This plot shows the 
shape and average values of the trials of the smooth 2mm neoprene treatment.  
Figure E-y-4. CD average for smooth 2mm neoprene, 60 knot. This plot shows the 


































Table E-z-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         72 °F 531.67 °R 
Atmospheric Pressure     25 in. Hg 12.279 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     17.71 psi     
Reynolds number (Re)        760000     
          
run 2         
Temperature         73 °F 532.67 °R 
Atmospheric Pressure     25 in. Hg 12.279 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     17.68 psi     
















Table E-z-2   
           










AOA      Lift Drag Lift Drag  AOA      Lift Drag Lift Drag 
-2 6.2 4.6 6.6 5.1  -2 6.9 5.1 6.8 5.0 
2 13.1 8.1 13.7 9.2  2 14.1 9.1 15.2 10.4 
6 20.2 16.4 21.4 19.6  6 20.2 16.3 21.0 18.4 
10 26.7 28.8 28.0 32.6  10 26.4 27.7 27.5 30.7 
14 32.7 43.8 34.7 48.4  14 32.2 42.7 34.7 46.7 
18 38.2 61.4 40.8 65.1  18 38.8 62.8 42.0 68.3 
22 43.8 81.2 45.4 84.9  22 43.6 81.2 46.1 87.6 
26 45.3 99.8 46.0 100.3  26 45.4 99.9 46.3 100.8 




Table E-z-3            
           











AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.27 0.02 0.29 0.02  -2 0.30 0.02 0.29 0.02 
2 0.48 0.04 0.50 0.04  2 0.51 0.04 0.55 0.04 
6 0.70 0.07 0.73 0.08  6 0.70 0.07 0.72 0.07 
10 0.90 0.11 0.94 0.13  10 0.89 0.11 0.92 0.12 
14 1.08 0.18 1.14 0.20  14 1.06 0.17 1.14 0.19 
18 1.24 0.25 1.32 0.27  18 1.27 0.26 1.36 0.29 
22 1.41 0.34 1.46 0.36  22 1.41 0.34 1.49 0.37 
26 1.46 0.42 1.48 0.43  26 1.47 0.42 1.49 0.43 
















 for 2mm smooth neoprene; 80 knots. This plot shows the shape and 
values of the trials of the 2mm smooth neoprene treatment for evaluation of similarity. 
Figure E-z-2. C
D
 for 2mm smooth neoprene; 80 knots. This plot shows the shape and 







































Statistics: Smooth 2mm Neoprene 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean 1.003255 .202787 
Std. Error of Mean .0999491 .0405973 
Median 1.071106 .160813 
Mode .2732a .0089a 
Std. Deviation .4240481 .1722398 
Variance .180 .030 
Skewness -.445 .491 
Kurtosis -1.225 -1.197 
Range 1.1989 .4946 
Minimum .2732 .0089 
Maximum 1.4721 .5034 
Sum 18.0586 3.6502 






Case Processing Summary: Smooth 2mm Neoprene 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Smooth 2mm Neoprene 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .165 18 .200
* .892 18 .041 
CD .167 18 .200 .895 18 .047 
*. This is a lower bound of the true significance. 










ANOVA: Smooth 2mm Neoprene 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .003 .961 
Within Groups 3.056 16 .191   
Total 3.057 17    
CD 
Between Groups .000 1 .000 .001 .980 
Within Groups .504 16 .032   






Robust Tests of Equality of Means: Smooth 2mm Neoprene 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .003 1 15.999 .961 
CD Welch .001 1 15.995 .980 
a. Asymptotically F distributed. 
 
 
Table E-z-9   
        
          
Average of Two 2mm Smooth Neoprene 80 Knot Runs to be Used for 
Comparison 
AOA CL CD        
-2 0.28 0.02        
2 0.50 0.04        
6 0.70 0.07        
10 0.89 0.11        
14 1.07 0.17        
18 1.25 0.26        
22 1.41 0.34        
26 1.46 0.42        















 average for smooth 2mm neoprene, 80 knot. This plot shows the 
















2mm SN 80 ave CL
Figure E-z-4. C
D
 average for smooth 2mm neoprene, 80 knot. This plot shows the 























Table E-aa-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         74 °F 533.67 °R 
Atmospheric Pressure     25 in. Hg 12.279 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     27.57 psi     
Reynolds number (Re)        950000     
          
run 2         
Temperature         75 °F 534.67 °R 
Atmospheric Pressure     24.97 in. Hg 12.264 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     27.48 psi     












Table E-aa-2            
           










AOA      Lift Drag Lift Drag  AOA      Lift Drag Lift Drag 
-2 10.5 7.1 10.9 7.4  -2 10.8 7.5 10.4 7.6 
2 21.9 13.5 21.4 14.0  2 21.7 13.5 22.6 15.1 
6 31.6 25.8 32.7 28.3  6 31.1 25.3 31.6 26.4 
10 41.6 44.4 43.9 47.3  10 40.5 42.3 45.1 50.1 
14 49.5 63.6 54.0 70.5  14 49.2 64.0 53.7 70.3 
18 60.5 93.7 63.4 96.0  18 60.4 93.4 63.6 98.1 
22 68.3 121.0 68.3 121.0  22 68.1 118.4 68.1 118.4 
26      26     




Table E-aa-3            
           











AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.26 0.02 0.27 0.02  -2 0.27 0.02 0.26 0.02 
2 0.48 0.04 0.47 0.04  2 0.48 0.04 0.50 0.04 
6 0.67 0.07 0.69 0.08  6 0.66 0.07 0.67 0.07 
10 0.87 0.12 0.91 0.13  10 0.85 0.11 0.94 0.14 
14 1.02 0.18 1.11 0.20  14 1.02 0.18 1.11 0.20 
18 1.23 0.28 1.29 0.29  18 1.24 0.28 1.30 0.30 
22 1.39 0.38 1.39 0.38  22 1.39 0.37 1.39 0.37 
26      26     
















 for 2mm smooth neoprene; 100 knots. This plot shows the shape and 
values of the trials of the 2mm smooth neoprene treatment for evaluation of similarity. 
Figure E-aa-2. C
D
 for 2mm smooth neoprene; 100 knots. This plot shows the shape and 
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Statistics: Smooth 2mm Neoprene 100 Knots 
 CL CD 
N Valid 14 14 
Missing 0 0 
Mean .843917 .138728 
Std. Error of Mean .1037703 .0339448 
Median .856461 .102648 
Mode .2594a .0061a 
Std. Deviation .3882727 .1270098 
Variance .151 .016 
Skewness -.075 .708 
Kurtosis -1.215 -.872 
Range 1.1276 .3566 
Minimum .2594 .0061 
Maximum 1.3869 .3627 
Sum 11.8148 1.9422 






Case Processing Summary: Smooth 2mm Neoprene 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 14 100.0% 0 0.0% 14 100.0% 






Tests of Normality: Smooth 2mm Neoprene 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .128 14 .200 .938 14 .391 
CD .178 14 .200 .875 14 .050 
*. This is a lower bound of the true significance. 











ANOVA: Smooth 2mm Neoprene 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .988 
Within Groups 1.960 12 .163   
Total 1.960 13    
CD 
Between Groups .000 1 .000 .001 .980 
Within Groups .210 12 .017   






Robust Tests of Equality of Means: Smooth 2mm Neoprene 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 12.000 .988 
CD Welch .001 1 11.998 .980 
a. Asymptotically F distributed. 
 
 
Table E-aa-9           
          
Average of Two 2mm Smooth Neoprene 100 Knot Runs to be Used for 
Comparison 
AOA CL CD        
-2 0.26 0.02        
2 0.48 0.04        
6 0.67 0.07        
10 0.86 0.12        
14 1.02 0.18        
18 1.24 0.28        
22 1.39 0.37        
26          
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Figure E-aa-3. C
L
 average for smooth 2mm neoprene, 100 knot. This plot shows 





 average for smooth 2mm neoprene, 100 knot. This plot shows 
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Table E-ab-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         77 °F 536.67 °R 
Atmospheric Pressure     24.97 in. Hg 12.264 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     39.429 psi     
Reynolds number (Re)        1140000     
          
run 2         
Temperature         74 °F 533.67 °R 
Atmospheric Pressure     25.11 in. Hg 12.333 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     39.873 psi     














Table E-ab-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 12.5 8.4 16.2 9.5  -2 11.2 10.1 11.5 9.9 
0 20.1 9.9 23.8 12.9  0 20.2 10.6 19.2 11.3 
2 29.1 15.0 33.3 19.1  2 31.3 17.1 26.2 15.2 
4 36.2 21.8 38.8 25.1  4 40.3 26.9 35.0 21.5 
6 42.1 30.1 44.7 34.1  6 47.6 37.7 42.6 33.4 
8 50.7 42.9 54.2 48.8  8 53.4 46.3 48.7 41.0 
10 57.2 55.3 62.9 65.6  10 61.7 60.5 58.6 57.9 
12 66.6 71.1 68.6 75.7  12 67.6 72.5 64.5 67.5 
14 73.8 86.4 77.4 95.1  14 76.4 95.3 71.4 83.4 
16 81.2 105.2 81.7 106.5  16 81.6 107.1 80.5 104.1 
18 87.3 121.3 87.3 121.3  18 87.0 123.7 87.0 123.7 
20      20     
22      22     
24      24     
26      26     
28      28     















Table E-ab-3            
           











AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.21 0.02 0.26 0.02  -2 0.19 0.02 0.19 0.02 
0 0.31 0.02 0.36 0.02  0 0.31 0.02 0.30 0.02 
2 0.43 0.03 0.49 0.04  2 0.46 0.03 0.39 0.03 
4 0.53 0.04 0.57 0.05  4 0.58 0.05 0.51 0.04 
6 0.61 0.06 0.65 0.07  6 0.68 0.08 0.61 0.06 
8 0.73 0.09 0.78 0.10  8 0.76 0.09 0.69 0.08 
10 0.82 0.12 0.90 0.14  10 0.87 0.13 0.83 0.12 
12 0.95 0.16 0.97 0.17  12 0.95 0.16 0.91 0.15 
14 1.04 0.20 1.09 0.22  14 1.07 0.22 1.00 0.19 
16 1.15 0.25 1.15 0.26  16 1.14 0.26 1.12 0.25 
18 1.23 0.30 1.23 0.30  18 1.21 0.31 1.21 0.31 
20      20     
22      22     
24      24     
26      26     
28      28     














 for 2mm smooth neoprene, 120 knots. This plot demonstrates the 

















 for 2mm smooth neoprene, 120 knots. This plot demonstrates the 























Statistics: Smooth 2mm Neoprene 120 Knots 
 CL CD 
N Valid 22 22 
Missing 0 0 
Mean .737508 .101611 
Std. Error of Mean .0706652 .0201954 
Median .743643 .072419 
Mode .1888a .0014a 
Std. Deviation .3314493 .0947249 
Variance .110 .009 
Skewness -.128 .709 
Kurtosis -1.176 -.815 
Range 1.0398 .2816 
Minimum .1888 .0014 
Maximum 1.2286 .2830 
Sum 16.2252 2.2354 






Case Processing Summary: Smooth 2mm Neoprene 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 22 100.0% 0 0.0% 22 100.0% 






Tests of Normality: Smooth 2mm Neoprene 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .099 22 .200 .951 22 .326 
CD .152 22 .200 .882 22 .013 
*. This is a lower bound of the true significance. 











ANOVA: Smooth 2mm Neoprene 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .002 1 .002 .016 .901 
Within Groups 2.305 20 .115   
Total 2.307 21    
CD 
Between Groups .000 1 .000 .031 .863 
Within Groups .188 20 .009   






Robust Tests of Equality of Means: Smooth 2mm Neoprene 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .016 1 19.999 .901 
CD Welch .031 1 20.000 .863 



















Table E-aa-9      
         
Average of the 2mm Smooth Neoprene, 120 Knots Runs Used for 
Comparison 
AOA      CL CD       
-2 0.20 0.02       
0 0.31 0.02       
2 0.45 0.03       
4 0.56 0.05       
6 0.65 0.07       
8 0.74 0.09       
10 0.84 0.12       
12 0.95 0.16       
14 1.06 0.21       
16 1.14 0.25       
18 1.22 0.31       
20         
22         
24         
26         
28         















 average for smooth 2mm neoprene, 120 knot. This plot shows 















2mm SN 120 kts Ave CL
Figure E-ab-4. C
D
 average for smooth 2mm neoprene, 120 knot. This plot shows 























Table E-ac-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      140 knots   
          
run 1         
Temperature         74 °F 533.67 °R 
Atmospheric Pressure     25.13 in. Hg 12.343 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     54.315 psi     
Reynolds number (Re)        1330000     
          
run 2         
Temperature         70.5 °F 530.17 °R 
Atmospheric Pressure     25.11 in. Hg 12.333 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     54.63 psi     












Table E-ac-2            
           











AOA      Lift Drag Lift Drag  AOA      Lift Drag Lift Drag 
-2 18.4 14.8 19.2 14.8  -2 15.4 15.0 21.0 18.1 
0 27.5 16.4 28.8 16.4  0 29.7 18.6 29.5 21.2 
2 37.3 21.6 38.3 21.6  2 41.9 24.9 38.4 25.2 
4 45.9 27.4 50.4 36.6  4 49.8 31.8 52.1 36.3 
6 59.4 44.5 58.3 50.5  6 60.0 43.9 61.7 48.5 
8 68.3 56.4 70.7 63.4  8 68.9 56.1 71.1 60.7 
10 81.1 77.7 81.1 79.5  10 81.1 75.3 82.9 77.7 
12 89.7 95.3 92.8 99.9  12 91.7 94.5 95.0 98.7 
14 102.2 115.7 105.3 118.7  14 102.2 115.7 105.3 118.7 
16 113.1 137.3 113.1 137.3  16 113.1 137.3 113.1 137.3 
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     













Table E-ac-3            
           
Calibration and Coefficient Transformation: Treatment - 2mm Smooth 










AOA      CL CD CL CD   AOA      CL CD CL CD 
-2 0.21 0.02 0.22 0.02  -2 0.18 0.02 0.23 0.02 
0 0.30 0.02 0.31 0.02  0 0.32 0.03 0.32 0.03 
2 0.40 0.03 0.41 0.03  2 0.44 0.04 0.41 0.04 
4 0.48 0.04 0.53 0.05  4 0.52 0.05 0.54 0.05 
6 0.62 0.07 0.60 0.08  6 0.62 0.07 0.63 0.08 
8 0.70 0.09 0.73 0.10  8 0.71 0.09 0.73 0.10 
10 0.83 0.14 0.83 0.14  10 0.83 0.13 0.84 0.14 
12 0.92 0.18 0.95 0.19  12 0.93 0.18 0.96 0.19 
14 1.04 0.23 1.07 0.25  14 1.03 0.23 1.06 0.24 
16 1.15 0.30 1.15 0.30  16 1.14 0.30 1.14 0.30 
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     

































 for 2mm smooth neoprene, 140 knots. This plot demonstrates the 
shape and values of the trials of the 2mm smooth neoprene test wing for similarity. 
Figure E-ac-2. C
D
 for 2mm smooth neoprene, 140 knots. This plot demonstrates the 
























Statistics: Smooth 2mm Neoprene 140 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .620235 .074952 
Std. Error of Mean .0674762 .0183366 
Median .616865 .048837 
Mode .1791a .0040a 
Std. Deviation .2862773 .0777956 
Variance .082 .006 
Skewness .142 1.231 
Kurtosis -.966 .892 
Range .9615 .2665 
Minimum .1791 .0040 
Maximum 1.1406 .2705 
Sum 11.1642 1.3491 






Case Processing Summary: Smooth 2mm Neoprene 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Smooth 2mm Neoprene 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .097 18 .200* .970 18 .789 
CD .187 18 .096 .850 18 .008 
*. This is a lower bound of the true significance. 











ANOVA: Smooth 2mm Neoprene 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .058 1 .058 .695 .417 
Within Groups 1.335 16 .083   
Total 1.393 17    
CD 
Between Groups .006 1 .006 1.044 .322 
Within Groups .097 16 .006   






Robust Tests of Equality of Means: Smooth 2mm Neoprene 140 Knots 
 Statistica df1 df2 Sig. 
CL Welch .731 1 15.995 .405 
CD Welch 1.166 1 15.015 .297 



















Table E-ac-9        
         
Average of the 2mm Smooth Neoprene, 140 Knots Runs Used for Comparison 
AOA      CL CD       
-2 0.19 0.02       
0 0.31 0.02       
2 0.42 0.03       
4 0.50 0.04       
6 0.62 0.07       
8 0.70 0.09       
10 0.83 0.13       
12 0.92 0.18       
14 1.04 0.23       
16 1.14 0.30       
18         
20         
22         
24         
26         
28         














 average for smooth 2mm neoprene, 140 knot. This plot shows 
















2mm SN 140 kts Ave CL
Figure E-ac-4. C
D
 average for smooth 2mm neoprene, 140 knot. This plot shows 























Table E-ad-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      60 knots   
          
run 1         
Temperature         75 °F 534.67 °R 
Atmospheric Pressure     25.15 in. Hg 12.353 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     9.9654 psi     
Reynolds number (Re)        570000       
          
run 2         
Temperature         75 °F 534.67 °R 
Atmospheric Pressure     25.15 in. Hg 12.353 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     9.9654 psi     











Table E-ad-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 2.3 4.3 3.2 6.1  -2 2.9 4.5 2.9 5.3 
2 5.2 6.1 6.4 9.6  2 5.7 6.2 6.1 8.7 
6 8.9 10.1 9.7 14.0  6 8.8 9.5 10.0 13.8 
10 12.0 15.7 13.2 20.3  10 12.2 15.5 13.8 20.7 
14 15.2 23.7 16.2 29.3  14 15.2 23.6 16.5 29.4 
18 16.1 33.3 16.8 39.5  18 15.9 34.7 17.0 37.8 
22 15.3 45.6 16.4 52.4  22 15.4 46.7 16.7 50.8 
26 16.7 63.0 17.2 64.4  26 16.4 60.3 17.3 65.2 




Table E-ad-3            
           
Calibration and Coefficient Transformation: Treatment - 2mm Textured 










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.28 0.04 0.32 0.05  -2 0.31 0.04 0.31 0.04 
2 0.43 0.05 0.50 0.07  2 0.46 0.05 0.48 0.06 
6 0.63 0.07 0.67 0.10  6 0.63 0.07 0.69 0.10 
10 0.80 0.11 0.86 0.14  10 0.81 0.11 0.90 0.14 
14 0.97 0.16 1.03 0.20  14 0.97 0.16 1.04 0.20 
18 1.02 0.22 1.06 0.26  18 1.01 0.23 1.07 0.25 
22 0.98 0.30 1.04 0.34  22 0.98 0.30 1.05 0.33 
26 1.05 0.41 1.08 0.42  26 1.04 0.39 1.08 0.42 















 for 2mm textured neoprene; 60 knots. This plot demonstrates the 
shape and values of the trials of the 2mm textured neoprene treatment for similarity. 
Figure E-ad-2. C
D
 for 2mm textured neoprene; 60 knots. This plot demonstrates the 







































Statistics: 2mm Textured Neoprene, 60 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .812247 .193912 
Std. Error of Mean .0672057 .0384375 
Median .971100 .146396 
Mode .9711 .0232a 
Std. Deviation .2851297 .1630764 
Variance .081 .027 
Skewness -.772 .745 
Kurtosis -.820 -.700 
Range .8632 .4774 
Minimum .2751 .0232 
Maximum 1.1383 .5006 
Sum 14.6204 3.4904 






Case Processing Summary: 2mm Textured Neoprene, 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: 2mm Textured Neoprene, 60 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .267 18 .001 .868 18 .016 
CD .173 18 .164 .880 18 .026 
*. This is a lower bound of the true significance. 











ANOVA: 2mm Textured Neoprene, 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .001 .980 
Within Groups 1.382 16 .086   
Total 1.382 17    
CD 
Between Groups .000 1 .000 .000 .994 
Within Groups .452 16 .028   






Robust Tests of Equality of Means: 2mm Textured Neoprene, 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .001 1 15.961 .980 
CD Welch .000 1 15.998 .994 
a. Asymptotically F distributed. 
 
 
Table E-ad-9           
          
Average of Two 2mm Textured Neoprene 60 Knot Runs to be Used for Comparison 
AOA CL CD        
-2 0.29 0.04        
2 0.45 0.05        
6 0.63 0.07        
10 0.80 0.11        
14 0.97 0.16        
18 1.01 0.23        
22 0.98 0.30        
26 1.04 0.40        
















 average for 2mm textured neoprene; 60 knots. This plot shows the 
shape and average values of the trials of the 2mm textured neoprene treatment.  
Figure E-ad-4. C
D
 average for 2mm textured neoprene; 60 knots. This plot shows 




































Table E-ae-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         75 °F 534.67 °R 
Atmospheric Pressure     25.15 in. Hg 12.353 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     17.716 psi     
Reynolds number (Re)        760000       
          
run 2         
Temperature         72 °F 531.67 °R 
Atmospheric Pressure     25.04 in. Hg 12.298 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     17.738 psi     













Table E-ae-2            
           










AOA      Lift Drag Lift Drag  AOA      Lift Drag Lift Drag 
-2 3.3 11.2 3.9 11.8  -2 3.6 12.7 3.4 13.1 
2 8.9 14.5 9.9 16.1  2 9.1 16.4 9.3 17.3 
6 14.9 21.4 16.7 24.3  6 14.8 23.3 15.8 25.1 
10 20.1 30.7 23.3 34.9  10 20.1 31.5 22.4 36.7 
14 24.6 43.5 27.5 47.2  14 25.2 44.1 27.0 50.8 
18 26.5 63.4 26.4 66.9  18 25.8 64.8 26.0 65.9 
22 26.5 83.3 26.8 89.5  22 25.6 87.3 25.7 92.5 
26 28.5 109.9 28.9 112.5  26 28.8 117.5 28.8 117.5 




Table E-ae-3            
           
Calibration and Coefficient Transformation: Treatment - 2mm Textured 










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.19 0.04 0.20 0.05  -2 0.19 0.05 0.19 0.05 
2 0.36 0.06 0.39 0.06  2 0.36 0.06 0.37 0.07 
6 0.54 0.08 0.59 0.09  6 0.53 0.09 0.56 0.10 
10 0.69 0.12 0.79 0.14  10 0.69 0.12 0.76 0.14 
14 0.83 0.17 0.92 0.18  14 0.85 0.17 0.90 0.20 
18 0.89 0.24 0.89 0.26  18 0.87 0.25 0.87 0.25 
22 0.89 0.32 0.90 0.34  22 0.86 0.33 0.86 0.35 
26 0.95 0.42 0.96 0.43  26 0.96 0.45 0.96 0.45 





























 2mm Textured Neoprene; 80 knots. This plot demonstrates the 
















 2mm Textured Neoprene; 80 knots.   This plot demonstrates the 












Statistics: 2mm Textured Neoprene, 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .701757 .208588 
Std. Error of Mean .0645063 .0387339 
Median .840080 .155815 
Mode .8892 .0306a 
Std. Deviation .2736769 .1643340 
Variance .075 .027 
Skewness -.812 .634 
Kurtosis -.713 -1.045 
Range .8072 .4641 
Minimum .1851 .0306 
Maximum .9923 .4947 
Sum 12.6316 3.7546 






Case Processing Summary: 2mm Textured Neoprene, 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: 2mm Textured Neoprene, 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .238 18 .008 .863 18 .014 
CD .179 18 .134 .878 18 .024 
*. This is a lower bound of the true significance. 











ANOVA: 2mm Textured Neoprene, 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .989 
Within Groups 1.273 16 .080   
Total 1.273 17    
CD 
Between Groups .000 1 .000 .009 .925 
Within Groups .459 16 .029   






Robust Tests of Equality of Means: 2mm Textured Neoprene, 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 15.995 .989 
CD Welch .009 1 15.994 .925 
a. Asymptotically F distributed. 
 
 
Table E-ae-7            
           
Average of Two 2mm Textured Neoprene 80 Knot Runs to be Used for 
Comparison 
AOA CL CD         
-2 0.19 0.05         
2 0.36 0.06         
6 0.54 0.09         
10 0.69 0.12         
14 0.84 0.17         
18 0.88 0.25         
22 0.87 0.32         
26 0.95 0.44         











Figure E-ae-3. CL average for 2mm textured neoprene; 80 knots. This plot shows the 




 average for 2mm textured neoprene; 80 knots. This plot shows the 



































Table E-af-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psiaft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         74 °F 533.67 °R 
Atmospheric Pressure     25.02 in. Hg 12.289 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     27.59 psi     
Reynolds number (Re)        950000       
          
run 2         
Temperature         75 °F 534.67 °R 
Atmospheric Pressure     25.01 in. Hg 12.284 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     27.528 psi     











Table E-af-2            
           












AOA      Lift Drag Lift Drag  AOA      Lift Drag Lift Drag 
-2 5.1 19.1 5.0 19.4  -2 5.8 19.6 5.4 19.9 
2 13.1 23.7 15.1 26.7  2 13.3 24.3 14.6 26.3 
6 20.3 33.3 25.1 38.3  6 20.6 34.0 24.9 38.4 
10 27.0 45.0 34.6 54.5  10 28.8 47.7 35.1 55.5 
14 36.1 66.3 40.1 73.0  14 37.3 68.4 40.4 74.7 
18 38.0 99.3 38.1 102.7  18 38.5 104.7 38.2 107.3 
22 39.0 131.0 39.0 131.0  22 39.0 131.0 39.0 131.0 
26      26     




Table E-af-3            
           
Calibration and Coefficient Transformation: Treatment - 2mm Textured 










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.15 0.05 0.15 0.05  -2 0.17 0.05 0.16 0.05 
2 0.31 0.06 0.35 0.06  2 0.31 0.06 0.34 0.06 
6 0.45 0.08 0.54 0.10  6 0.46 0.08 0.54 0.10 
10 0.58 0.11 0.73 0.14  10 0.62 0.12 0.74 0.14 
14 0.76 0.17 0.84 0.19  14 0.78 0.18 0.84 0.20 
18 0.80 0.26 0.80 0.27  18 0.81 0.27 0.80 0.28 
22 0.81 0.34 0.81 0.34  22 0.82 0.34 0.82 0.34 
26      26     
















 for 2mm Textured Neoprene, 100 knots. This plot shows the shape and 
values of the trials of the 2mm Textured Neoprene treatment for evaluation of similarity. 
Figure E-af-2. C
D
 for 2mm Textured Neoprene, 100 knots. This plot shows the shape and 






































Statistics: 2mm Textured Neoprene, 100 Knots 
 CL CD 
N Valid 13 13 
Missing 0 0 
Mean .539123 .127009 
Std. Error of Mean .0685021 .0270898 
Median .580694 .098419 
Mode .1539a .0317a 
Std. Deviation .2469880 .0976738 
Variance .061 .010 
Skewness -.331 .952 
Kurtosis -1.428 -.226 
Range .6606 .2970 
Minimum .1539 .0317 
Maximum .8145 .3286 
Sum 7.0086 1.6511 






Case Processing Summary: 2mm Textured Neoprene, 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 13 100.0% 0 0.0% 13 100.0% 






Tests of Normality: 2mm Textured Neoprene, 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .197 13 .178 .887 13 .089 
CD .199 13 .164 .871 13 .054 
*. This is a lower bound of the true significance. 











ANOVA: 2mm Textured Neoprene, 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .002 1 .002 .036 .852 
Within Groups .730 11 .066   
Total .732 12    
CD 
Between Groups .002 1 .002 .211 .655 
Within Groups .112 11 .010   






Robust Tests of Equality of Means: 2mm Textured Neoprene, 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .036 1 10.703 .852 
CD Welch .220 1 10.916 .648 
a. Asymptotically F distributed. 
 
 
Table E-af-9           
          
Average of Two 2mm Textured Neoprene 100 Knot Runs to be Used for Comparison 
AOA CL CD        
-2 0.16 0.05        
2 0.31 0.06        
6 0.45 0.08        
10 0.60 0.12        
14 0.77 0.18        
18 0.80 0.27        
22 0.82 0.34        
26          


















 average for 2mm textured neoprene; 100 knots. This plot shows 




 average for 2mm textured neoprene; 100 knots. This plot shows 



































Table E-ag-1           
         
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         72 °F 531.67 °R 
Atmospheric Pressure     25.03 in. Hg 12.294 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     39.895 psi     
Reynolds number (Re)        1140000     
          
run 2         
Temperature         74 °F 533.67 °R 
Atmospheric Pressure     25.03 in. Hg 12.294 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     39.746 psi     















Table E-ag-2            
           










AOA      Lift Drag Lift Drag  AOA      Lift Drag Lift Drag 
-2 7.2 31.4 7.6 34.0  -2 8.0 31.8 6.3 32.2 
0 11.7 32.7 12.4 36.4  0 14.1 34.5 14.0 36.2 
2 17.6 37.0 17.7 40.3  2 18.6 38.6 21.5 42.7 
4 22.9 42.8 26.1 48.5  4 24.3 45.3 27.0 48.0 
6 29.1 50.4 34.0 57.6  6 29.7 52.2 34.5 56.8 
8 34.0 57.6 40.6 66.2  8 35.3 60.5 43.5 69.5 
10 40.2 68.7 47.9 78.2  10 41.5 70.7 49.1 80.0 
12 50.7 89.3 53.7 96.2  12 48.7 84.5 53.5 94.9 
14 54.9 101.7 55.6 107.9  14 55.4 107.9 55.6 105.3 
16 53.3 129.5 53.3 129.5  16 53.4 130.0 53.4 130.0 
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     









Table E-ag-3            
           











AOA      CL CD CL CD   AOA      CL CD CL CD 
-2 0.13 0.05 0.14 0.05  -2 0.15 0.05 0.12 0.05 
0 0.20 0.05 0.20 0.06  0 0.23 0.06 0.23 0.06 
2 0.27 0.06 0.28 0.07  2 0.29 0.07 0.33 0.07 
4 0.35 0.07 0.39 0.08  4 0.37 0.08 0.40 0.08 
6 0.43 0.09 0.50 0.10  6 0.44 0.09 0.50 0.10 
8 0.50 0.10 0.58 0.12  8 0.52 0.11 0.63 0.13 
10 0.58 0.13 0.68 0.15  10 0.60 0.13 0.70 0.16 
12 0.72 0.18 0.76 0.19  12 0.70 0.17 0.76 0.19 
14 0.78 0.20 0.79 0.22  14 0.79 0.22 0.79 0.21 
16 0.76 0.26 0.76 0.26  16 0.76 0.26 0.76 0.26 
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     















 for 2mm textured neoprene, 120 knots. This plot shows the shape and 
values of the trials of the 2mm textured neoprene, 120 knots test wing for similarity. 
Figure E-ag-2. C
D
 for 2mm textured neoprene, 120 knots. This plot shows the shape and 




































Statistics: 2mm Textured Neoprene, 120 Knots 
 CL CD 
N Valid 20 20 
Missing 0 0 
Mean .477016 .104773 
Std. Error of Mean .0501631 .0151200 
Median .467771 .081796 
Mode .1348a .0359a 
Std. Deviation .2243360 .0676189 
Variance .050 .005 
Skewness -.016 .895 
Kurtosis -1.392 -.418 
Range .6525 .2047 
Minimum .1348 .0359 
Maximum .7873 .2405 
Sum 9.5403 2.0955 






Case Processing Summary: 2mm Textured Neoprene, 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 20 100.0% 0 0.0% 20 100.0% 






Tests of Normality: 2mm Textured Neoprene, 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .136 20 .200
* .926 20 .131 
CD .167 20 .147 .869 20 .011 
*. This is a lower bound of the true significance. 











ANOVA: 2mm Textured Neoprene, 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .013 .910 
Within Groups .956 18 .053   
Total .956 19    
CD 
Between Groups .000 1 .000 .011 .919 
Within Groups .087 18 .005   






Robust Tests of Equality of Means: 2mm Textured Neoprene, 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .013 1 17.977 .910 
CD Welch .011 1 18.000 .919 



















Table E-ap-7        
         
Average of the 2mm Textured Neoprene, 120 Knots Runs Used for 
Comparison 
AOA      CL CD       
-2 0.14 0.13       
0 0.21 0.13       
2 0.28 0.14       
4 0.36 0.15       
6 0.43 0.17       
8 0.51 0.18       
10 0.59 0.21       
12 0.71 0.25       
14 0.78 0.29       
16 0.76 0.33       
18         
20         
22         
24         
26         
28         
















 average for 2mm textured neoprene; 120 knots. This plot shows the 




 average for 2mm textured neoprene; 120 knots. This plot shows the 



































Table E-ah-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      140 knots   
          
run 1         
Temperature         73 °F 532.67 °R 
Atmospheric Pressure     25.06 in. Hg 12.308 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     54.265 psi     
Reynolds number (Re)        1330000     
          
run 2         
Temperature         72 °F 531.67 °R 
Atmospheric Pressure     25.17 in. Hg 12.362 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3     
Dynamic press. q =.5ρV2     54.606 psi     












Table E-ah-2            
           










AOA      Lift Drag Lift Drag  AOA      Lift Drag Lift Drag 
-2 4.7 43.6 9.4 46.4  -2 9.1 44.4 6.6 46.9 
0 13.0 45.1 19.2 52.1  0 14.6 47.2 17.2 52.1 
2 21.7 50.5 26.2 57.6  2 20.3 51.5 25.4 58.5 
4 31.9 60.6 31.1 62.1  4 27.3 57.7 30.4 62.2 
6 41.1 71.5 40.7 71.9  6 42.2 74.1 45.0 77.4 
8 50.7 85.1 54.5 89.7  8 51.2 85.2 54.5 89.7 
10 58.6 98.1 60.9 100.8  10 57.6 95.6 63.4 104.8 
12 68.3 115.6 70.4 119.5  12 66.7 111.4 66.9 112.7 
14 75.5 139.3 75.5 139.3  14 73.4 131.8 73.4 131.8 
16      16     
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     










Table E-ah-3            
           











AOA      CL CD CL CD   AOA      CL CD CL CD 
-2 0.07 0.05 0.12 0.05  -2 0.12 0.05 0.09 0.05 
0 0.16 0.05 0.22 0.06  0 0.17 0.06 0.20 0.06 
2 0.24 0.06 0.29 0.07  2 0.23 0.06 0.28 0.07 
4 0.34 0.08 0.34 0.08  4 0.30 0.07 0.33 0.08 
6 0.43 0.10 0.43 0.10  6 0.44 0.10 0.47 0.11 
8 0.53 0.12 0.57 0.13  8 0.53 0.12 0.56 0.13 
10 0.61 0.15 0.63 0.15  10 0.59 0.14 0.65 0.16 
12 0.70 0.19 0.73 0.19  12 0.68 0.18 0.69 0.18 
14 0.78 0.23 0.78 0.23  14 0.75 0.22 0.75 0.22 
16      16     
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     































 for 2mm textured neoprene, 140 knots. This plot demonstrates the 
shape and values of the trials of the 2mm textured neoprene test wing for similarity. 
Figure E-ah-2. C
D
 for 2mm textured neoprene, 140 knots. This plot demonstrates the 
























Statistics: 2mm Textured Neoprene, 140 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .427061 .095296 
Std. Error of Mean .0544989 .0133996 
Median .439001 .081993 
Mode .0743a .0351a 
Std. Deviation .2312192 .0568497 
Variance .053 .003 
Skewness .001 .757 
Kurtosis -1.398 -.556 
Range .7015 .1767 
Minimum .0743 .0351 
Maximum .7758 .2117 
Sum 7.6871 1.7153 






Case Processing Summary: 2mm Textured Neoprene, 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: 2mm Textured Neoprene, 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .121 18 .200 .940 18 .286 
CD .164 18 .200 .894 18 .046 
*. This is a lower bound of the true significance. 











ANOVA: 2mm Textured Neoprene, 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .003 .958 
Within Groups .909 16 .057   
Total .909 17    
CD 
Between Groups .000 1 .000 .013 .910 
Within Groups .055 16 .003   






Robust Tests of Equality of Means: 2mm Textured Neoprene, 140 Knots 
 Statistica df1 df2 Sig. 
CL Welch .003 1 15.947 .958 
CD Welch .013 1 15.854 .910 



















Table E-ah-9         
          
Average of the 2mm Textured Neoprene, 140 Knots Runs Used for Comparison 
AOA      CL CD        
-2 0.10 0.05        
0 0.16 0.05        
2 0.24 0.06        
4 0.32 0.08        
6 0.44 0.10        
8 0.53 0.12        
10 0.60 0.15        
12 0.69 0.18        
14 0.76 0.23        
16          
18          
20          
22          
24          
26          
28          









 average for 2mm textured neoprene; 140 knots. This plot shows the 














 average for 2mm textured neoprene; 140 knots. This plot shows the 





































Table E-ai-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      60 knots   
          
run 1         
Temperature         76.5 °F 536.17 °R 
Atmospheric Pressure     25.16 in. Hg 12.357 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     9.9415 psi     
Reynolds number (Re)        570000       
          
run 2         
Temperature         76 °F 535.67 °R 
Atmospheric Pressure     25.16 in. Hg 12.357 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     9.9508 psi     











Table E-ai-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 2.3 4.5 3.3 5  -2 3 4.1 3.3 4.7 
2 5.9 6.6 6.7 8  2 6.2 6.2 6.9 7.6 
6 9.6 11 10.1 12.5  6 9.6 10.2 10.5 12.4 
10 13.4 17.1 13.9 18.4  10 13.2 15.8 14.2 18.5 
14 16.8 24 17.3 25.9  14 16.7 23 18.3 27.1 
18 19.4 33.1 20.4 37  18 19.9 33.7 20.4 36.4 
22 19.9 47.4 20 52  22 20 50.1 20.1 48.8 
26 20.1 63.5 20.1 61.5  26 20.3 60.9 20 62.2 




Table E-ai-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.28 0.04 0.33 0.04  -2 0.31 0.04 0.33 0.04 
2 0.47 0.05 0.51 0.06  2 0.49 0.05 0.52 0.06 
6 0.67 0.08 0.70 0.09  6 0.67 0.07 0.72 0.09 
10 0.88 0.12 0.90 0.13  10 0.86 0.11 0.92 0.13 
14 1.06 0.16 1.09 0.18  14 1.05 0.16 1.14 0.18 
18 1.20 0.22 1.25 0.25  18 1.23 0.23 1.25 0.25 
22 1.23 0.32 1.23 0.35  22 1.23 0.33 1.24 0.33 
26 1.24 0.42 1.24 0.41  26 1.25 0.40 1.23 0.41 
















 for MLX, 60 knots: This plot demonstrates the shape and 
values of the trials of the wing for evaluation of similarity. 
Figure E-ai-2. C
D
 for MLX, 60 knots: This plot demonstrates the shape and 






































Statistics: Monofilm Laminate crosswind 60 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .931540 .198783 
Std. Error of Mean .0856162 .0386799 
Median 1.056769 .146980 
Mode .2758a .0222a 
Std. Deviation .3632388 .1641050 
Variance .132 .027 
Skewness -.627 .660 
Kurtosis -1.100 -.954 
Range 1.0600 .4785 
Minimum .2758 .0222 
Maximum 1.3358 .5007 
Sum 16.7677 3.5781 






Case Processing Summary: Monofilm Laminate Crosswind 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Monofilm laminate crosswind 60 knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .215 18 .027 .871 18 .019 
CD .172 18 .170 .885 18 .032 
*. This is a lower bound of the true significance. 











ANOVA: Monofilm Laminate Crosswind 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .001 .972 
Within Groups 2.243 16 .140   
Total 2.243 17    
CD 
Between Groups .000 1 .000 .002 .963 
Within Groups .458 16 .029   






Robust Tests of Equality of Means: Monofilm Laminate Crosswind 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .001 1 15.991 .972 
CD Welch .002 1 15.997 .963 
a. Asymptotically F distributed. 
 
 
Table E-ai-9         
        
Average of Two MLX, 60 Knot Runs to be Used for Comparison 
AOA CL CD      
-2 0.29 0.04      
2 0.48 0.05      
6 0.67 0.08      
10 0.87 0.11      
14 1.06 0.16      
18 1.21 0.23      
22 1.23 0.32      
26 1.24 0.41      













    
Figure E-ai-3.  C
L
 average for the MLX treatment at 60 knots. This plot shows the 
shape and average values of the MLX trials of the test wing. 
 
Figure E-ai-4. CD average for the MLX treatment at 60 knots. This plot shows the 



































Table E-aj-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         77 °F 536.67 °R 
Atmospheric Pressure     25.15 in. Hg 12.353 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     17.65 psi     
Reynolds number (Re)        760000       
          
run 2         
Temperature         78 °F 537.67 °R 
Atmospheric Pressure     25.15 in. Hg 12.353 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     17.617 psi     













Table E-aj-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 4.4 8.4 4.6 9.4  -2 4.1 8.6 4.9 9.3 
2 10.9 12.3 10.5 13.5  2 10.2 11.8 11.1 13.8 
6 16.4 18.2 17.6 21.3  6 15.7 17.4 18.5 22.3 
10 23.3 29.1 23.7 30.8  10 22.1 26.8 24.3 31.6 
14 29.8 43.2 30 43.6  14 28.6 40.1 30.5 44.9 
18 34.9 58.8 34.9 58.7  18 34.5 57.1 35.3 60.8 
22 33.2 84.5 33.8 85.5  22 33.4 89.5 33.4 88.1 
26 34.5 103 34.7 108.7  26 34.2 100.5 34.4 105 




Table E-aj-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.22 0.03 0.23 0.04  -2 0.21 0.04 0.23 0.04 
2 0.42 0.05 0.41 0.05  2 0.40 0.05 0.42 0.05 
6 0.58 0.07 0.62 0.08  6 0.56 0.07 0.65 0.09 
10 0.80 0.11 0.81 0.12  10 0.76 0.11 0.83 0.12 
14 0.99 0.17 1.00 0.17  14 0.96 0.16 1.02 0.18 
18 1.15 0.24 1.15 0.24  18 1.14 0.23 1.16 0.25 
22 1.10 0.34 1.11 0.34  22 1.10 0.36 1.10 0.35 
26 1.14 0.41 1.14 0.43  26 1.13 0.40 1.14 0.42 















 for MLX, 80 knots: This plot demonstrates the shape and 






























 for MLX, 80 knots: This plot demonstrates the shape and 











Statistics: Monofilm Laminate Crosswind 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .835723 .202168 
Std. Error of Mean .0825777 .0399259 
Median .975623 .152261 
Mode .2106a .0215a 
Std. Deviation .3503475 .1693912 
Variance .123 .029 
Skewness -.656 .629 
Kurtosis -1.098 -.993 
Range .9865 .4906 
Minimum .2106 .0215 
Maximum 1.1971 .5122 
Sum 15.0430 3.6390 






Case Processing Summary: Monofilm Laminate Crosswind 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Monofilm Laminate Crosswind 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .216 18 .026 .857 18 .011 
CD .170 18 .181 .883 18 .029 
*. This is a lower bound of the true significance. 











ANOVA: Monofilm Laminate Crosswind 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .007 .932 
Within Groups 2.086 16 .130   
Total 2.087 17    
CD 
Between Groups .000 1 .000 .000 .986 
Within Groups .488 16 .030   






Robust Tests of Equality of Means: Monofilm Laminate Crosswind 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .007 1 15.998 .932 
CD Welch .000 1 15.992 .986 
a. Asymptotically F distributed. 
 
 
Table E-aj-9         
        
Average of Two MLX, 80 Knot Runs to be Used for Comparison 
AOA CL CD      
-2 0.21 0.03      
2 0.41 0.05      
6 0.57 0.07      
10 0.78 0.11      
14 0.98 0.17      
18 1.14 0.23      
22 1.10 0.35      
26 1.13 0.41      




























MFX 80 Knots Ave CL
Figure E-aj-3. C
L
 average for MLX, 80 knots: This plot demonstrates the shape 
and average values of the trials of the wing with the MLX treatment. 
Figure E-aj-4. C
D
 average for MLX, 80 knots: This plot demonstrates the shape 






















Table E-ak-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables             
Airspeed (V)      100 knots   
          
run 1         
Temperature         72 °F 531.7 °R 
Atmospheric Pressure       25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2 27.84 psi     
Reynolds number (Re)  950000     
          
run 2         
Temperature         74 °F 533.7 °R 
Atmospheric Pressure 25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2 27.73 psi     












Table E-ak-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 5.8 13.9 6.6 14.8  -2 6.2 13.6 7.3 15.3 
2 15.1 18.7 16.1 20.5  2 14.5 18.0 16.2 21.2 
6 23.7 26.8 26.1 30.1  6 23.6 27.1 26.9 31.8 
10 33.8 37.8 37.3 45.8  10 34.8 43.1 37.8 47.3 
14 43.7 59.3 46.4 63.0  14 45.5 62.4 46.4 64.5 
18 54.9 88.2 54.5 88.8  18 54.2 92.5 54.5 89.8 
22 51.8 127.0 51.8 127.0  22 51.3 129.5 51.3 129.5 
26      26     
30           30         
 
 
Table E-ak-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.17 0.03 0.18 0.04  -2 0.17 0.03 0.20 0.04 
2 0.35 0.05 0.37 0.05  2 0.33 0.04 0.37 0.05 
6 0.52 0.07 0.56 0.08  6 0.51 0.07 0.57 0.08 
10 0.71 0.10 0.78 0.12  10 0.73 0.11 0.78 0.12 
14 0.91 0.16 0.96 0.17  14 0.93 0.17 0.95 0.18 
18 1.12 0.25 1.12 0.25  18 1.10 0.26 1.11 0.26 
22 1.06 0.36 1.06 0.36  22 1.04 0.36 1.04 0.36 
26      26     

















 for MLX, 100 knots: This plot demonstrates the shape and 
values of the trials of the wing for evaluation of similarity. 
Figure E-ak-2. C
D
 for MLX, 100 knots: This plot demonstrates the shape and 






































Statistics: Monofilm Laminate Crosswind 100 Knots 
 CL CD 
N Valid 14 14 
Missing 0 0 
Mean .689792 .133573 
Std. Error of Mean .0929916 .0312153 
Median .719259 .090656 
Mode .1674a .0198a 
Std. Deviation .3479427 .1167971 
Variance .121 .014 
Skewness -.222 .862 
Kurtosis -1.490 -.607 
Range .9556 .3266 
Minimum .1674 .0198 
Maximum 1.1230 .3464 
Sum 9.6571 1.8700 






Case Processing Summary: Monofilm Laminate Crosswind 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 23 100.0% 0 0.0% 14 100.0% 






Tests of Normality: Monofilm Laminate Crosswind 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .160 14 .200
* .908 14 .146 
CD .194 14 .163 .854 14 .025 
*. This is a lower bound of the true significance. 











ANOVA: Monofilm Laminate Crosswind 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .993 
Within Groups 1.574 12 .131   
Total 1.574 13    
CD 
Between Groups .000 1 .000 .005 .945 
Within Groups .177 12 .015   






Robust Tests of Equality of Means: Monofilm Laminate Crosswind 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 11.999 .993 
CD Welch .005 1 11.996 .945 
a. Asymptotically F distributed. 
 
 
Table E-ak-9         
        
Average of Two MLX, 100 Knot Runs to be Used for Comparison 
AOA CL CD      
-2 0.18 0.03      
2 0.34 0.05      
6 0.52 0.07      
10 0.73 0.11      
14 0.93 0.17      
18 1.11 0.26      
22 1.05 0.36      
26        



























MFX 100 Knots Ave CL
Figure E-ak-3. C
L
 average for MLX, 100 knots: This plot demonstrates the shape 
and average values of the trials of the wing. 
Figure E-ak-4. C
D
 average for MLX, 100 knots: This plot demonstrates the 





















Table E-al-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables             
Airspeed (V)      120 knots   
          
run 1         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure 25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2 39.86 psi     
Reynolds number (Re)  1140000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure 25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2 39.86 psi     










Table E-al-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 8.1 20.6 9.3 22.4  -2 7.9 21.7 8.2 23 
0 15.8 23 16.4 25.6  0 15.8 24.1 16.3 25.8 
2 23 27.9 24 30.9  2 22.3 28.3 25.1 32.1 
4 29.5 33.5 32.6 38.5  4 29.1 33.9 33.4 39.2 
6 36.4 41.1 38.9 45.1  6 34.8 39.7 40.3 46.8 
8 44.3 51.3 46.1 54.2  8 44.3 51.4 47.6 56.2 
10 51 61.4 51.1 60.3  10 51.7 63 53.3 63.2 
12 60 77.7 60.1 74.6  12 57.5 73.1 63 79.3 
14 65.4 87.2 68.7 92.3  14 65.1 86.2 70.6 94.3 
16 72.2 102.7 74.2 106.6  16 74.1 105.7 76.2 109.6 
18 77.3 119 77.3 119  18 78.3 118.8 79.2 122.3 
20 78.2 135 78.2 135  20 78.2 135 78.2 135 
22      22     
24      24     
26      26     
28      28     











Table E-al-3             
  
 
         










AOA      CL  CD CL CD  AOA      CL CD CL CD 
-2 0.15  0.03 0.16 0.04  -2 0.14 0.04 0.15 0.04 
0 0.25  0.04 0.26 0.04  0 0.25 0.04 0.26 0.04 
2 0.35  0.05 0.36 0.05  2 0.34 0.05 0.38 0.06 
4 0.44  0.06 0.48 0.07  4 0.43 0.06 0.49 0.07 
6 0.53  0.08 0.56 0.08  6 0.51 0.07 0.58 0.09 
8 0.64  0.10 0.66 0.10  8 0.64 0.10 0.68 0.11 
10 0.73  0.12 0.73 0.12  10 0.74 0.12 0.76 0.13 
12 0.85  0.16 0.85 0.15  12 0.81 0.15 0.89 0.17 
14 0.92  0.19 0.96 0.20  14 0.92 0.18 0.99 0.21 
16 1.01  0.23 1.04 0.24  16 1.04 0.24 1.07 0.25 
18 1.08  0.27 1.08 0.27  18 1.09 0.27 1.11 0.28 
20 1.09  0.31 1.09 0.31  20 1.09 0.31 1.09 0.31 
22  
 
    22     
24  
 
    24     
26  
 
    26     
28  
 
    28     
















 for MLX, 120 knots: This plot demonstrates the shape and values of 
the trials of the wing for evaluation of similarity. 
Figure E-al-2. C
D
 for MLX, 120 knots: This plot demonstrates the shape and values of 






































Statistics: Monofilm Laminate Crosswind 120 Knots 
                                CL CD 
N Valid 23 23 
Missing 0 0 
Mean .649191 .112168 
Std. Error of Mean .0663623 .0179592 
Median .635855 .081411 
Mode .1445a .0198a 
Std. Deviation .3182625 .0861293 
Variance .101 .007 
Skewness -.075 .738 
Kurtosis -1.319 -.704 
Range .9504 .2731 
Minimum .1445 .0198 
Maximum 1.0949 .2929 
Sum 14.9314 2.5799 






Case Processing: Monofilm Laminate Crosswind 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 23 100.0% 0 0.0% 23 100.0% 























Tests of Normality: Monofilm Laminate Crosswind 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .104 23 .200
* .935 23 .138 
CD .165 23 .107 .889 23 .015 
*. This is a lower bound of the true significance. 






ANOVA: Monofilm Laminate Crosswind 120 Knots 
 Sum of Squares df Mean Square F Sig. 
Coefficient 
of Lift 
Between Groups .008 1 .008 .074 .789 
Within Groups 2.221 21 .106   
Total 2.228 22    
Coefficient 
of Drag 
Between Groups .001 1 .001 .191 .667 
Within Groups .162 21 .008   






Robust Tests of Equality of Means: Monofilm Laminate Crosswind 120 Knots 
 Statistica df1 df2 Sig. 
Coefficient of Lift Welch .074 1 20.977 .788 
Coefficient of Drag Welch .194 1 20.890 .664 

















Table E-al-9          
         
Average of Two MLX, 120 Knot Runs to be Used for Comparison 
AOA CL CD       
-2 0.15 0.03       
0 0.25 0.04       
2 0.34 0.05       
4 0.43 0.06       
6 0.52 0.07       
8 0.64 0.10       
10 0.73 0.12       
12 0.83 0.15       
14 0.92 0.18       
16 1.02 0.23       
18 1.09 0.27       
20 1.09 0.31       
22         
24         
26         
28         













 average for MLX, 120 knots: This plot demonstrates the shape and 
average values of the trials of the wing.  
Figure E-al-4. C
D
 average for MLX, 120 knots: This plot demonstrates the shape and 




































Table E-am-1           
          
Constants 
Kinematic viscosity of air, STP@5000'msl  .0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables 
Airspeed (V)      140 knots   
          
run 1         
Temperature 76 °F 535.7 °R 
Atmospheric Pressure 25.16 in. Hg 12.36 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2 54.18 psi     
Reynolds number (Re)  1330000     
          
run 2         
Temperature 75 °F 534.7 °R 
Atmospheric Pressure 25.11 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2 54.17 psi     
























Table E-am-2   
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 10.2 31.8 11.4 34.6  -2 13.1 24.2 12.8 24.9 
0 18.3 33.7 21.3 36.9  0 22.7 26.6 23.7 29.2 
2 28.4 38.7 31.5 43.5  2 31.3 32.3 30.7 34.2 
4 39.1 47 41.4 51  4 40.7 40.2 43.5 45.2 
6 53.2 61.3 48.6 57.5  6 50.6 50.7 54.3 57.3 
8 59.7 68.6 62.3 73.7  8 62 64.7 64.1 68.8 
10 67.3 78.3 78.7 96.6  10 70.2 76.2 76.1 85.6 
12 82.4 101.9 83.3 103.8  12 83.6 98.2 82.9 96 
14 92.9 119.9 93.6 121.4  14 93.4 113.9 93.9 115.3 
16 99.5 133.9 99.5 133.9  16 99.5 133.9 99.5 133.9 
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     




















Table E-am-3   
           










AOA      CL CD CL CD   AOA      CL CD CL CD 
-2 0.13 0.04 0.14 0.04  -2 0.16 0.03 0.15 0.03 
0 0.21 0.04 0.24 0.05  0 0.25 0.03 0.26 0.04 
2 0.31 0.05 0.34 0.06  2 0.34 0.04 0.33 0.05 
4 0.42 0.06 0.44 0.07  4 0.43 0.06 0.46 0.06 
6 0.56 0.09 0.51 0.08  6 0.53 0.07 0.57 0.08 
8 0.62 0.10 0.65 0.11  8 0.64 0.10 0.66 0.11 
10 0.70 0.12 0.81 0.16  10 0.72 0.12 0.78 0.14 
12 0.85 0.18 0.85 0.18  12 0.86 0.17 0.85 0.17 
14 0.95 0.22 0.96 0.23  14 0.95 0.21 0.96 0.22 
16 1.02 0.26 1.02 0.26  16 1.02 0.26 1.02 0.26 
18      18     
20      20     
22      22     
24      24     
26      26     
28      28     



























 for MLX, 140 knots: This plot demonstrates the shape and values of 
the trials of the wing for evaluation of similarity. 
Figure E-am-2. C
D
 for MLX, 140 knots: This plot demonstrates the shape and values of 




































Table E-am-4   
 
Statistics: Monofilm Laminate Crosswind Orientation, 140 Knots 
    CL        CD 
N Valid 28 28 
Missing 0 0 
Mean .547661 .086629 
Std. Error of Mean .0523274 .0122616 
Median .542862 .069567 
Mode .1169a .0146a 
Std. Deviation .2768906 .0648824 
Variance .077 .004 
Skewness .057 .876 
Kurtosis -1.215 -.307 
Range .8983 .2252 
Minimum .1169 .0146 
Maximum 1.0152 .2398 
Sum 15.3345 2.4256 
a. Multiple modes exist. The smallest value is shown. 
 
 
Table E-am-5   
 




Valid Missing Total 
N Percent N Percent N Percent 
Coefficient of Lift 28 100.0% 0 0.0% 28 100.0% 






















Tests of Normality: Monofilm Laminate Crosswind Orientation, 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .096 28 .200
* .951 28 .214 
CD .155 28 .085 .888 28 .006 
*. This is a lower bound of the true significance. 





ANOVA: Monofilm Laminate Crosswind Orientation, 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL Between Groups .013 2 .007 .081 .922 
Within Groups 2.057 25 .082   
Total 2.070 27    
CD Between Groups .003 2 .001 .308 .738 
Within Groups .111 25 .004   






Robust Tests of Equality of Means: Monofilm Laminate Crosswind Orientation, 140 
Knots 
 Statistic df1 df2 Sig. 
Coefficient of Lift Welch .075 2 16.654 .928 
Coefficient of Drag Welch .261 2 16.628 .773 
















         
 
Average of Two MLX, 140 Knot Runs to be Used for Comparison  
AOA CL CD       
 
-2 0.14 0.03       
 
0 0.23 0.04       
 
2 0.32 0.05       
 
4 0.42 0.06       
 
6 0.54 0.08       
 
8 0.63 0.10       
 
10 0.71 0.12       
 
12 0.85 0.17       
 
14 0.95 0.22       
 
16 1.02 0.26       
 
18         
 
20         
 
22         
 
24         
 
26         
 
28         
 






















 average for MLX, 140 knots: This plot demonstrates the shape and 
average values of the trials of the wing.  
Figure E-am-4. C
D
 average for MLX, 140 knots: This plot demonstrates the shape and 


































Table E-an-1         
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables             
Airspeed (V)      60 knots   
          
run 1         
Temperature 74 °F 533.7 °R 
Atmospheric Pressure 25.1 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3     
Dynamic press. q =.5ρV2 9.964 psi     
Reynolds number (Re)  570000     
          
run 2         
Temperature 74 °F 533.7 °R 
Atmospheric Pressure 25.1 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3     
Dynamic press. q =.5ρV2 9.964 psi     

















Table E-an-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 3.8 5.1 4.1 6.2  -2 3.7 1.6 4.1 3.6 
2 7.3 6.8 8 9.4  2 6.7 2.8 7.7 6.4 
6 9.9 10 12 15.7  6 9.5 6.2 11.3 12.3 
10 12.8 14.7 15.9 23.3  10 12.7 11.3 15.8 19.8 
14 16.6 21.8 19.7 31.4  14 15.7 18.3 19.3 28.1 
18 19.2 31.1 22.1 40.1  18 18.7 28.2 21.2 35.2 
22 21.1 47.3 21.1 53.5  22 20.9 42.2 20.8 44.2 
26 21.2 58.6 21.2 61.5  26 20.9 58.2 20.6 57.4 




Table E-an-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.36 0.04 0.37 0.05  -2 0.35 0.02 0.37 0.03 
2 0.54 0.05 0.58 0.07  2 0.51 0.03 0.57 0.05 
6 0.69 0.07 0.80 0.11  6 0.66 0.05 0.76 0.09 
10 0.84 0.10 1.01 0.16  10 0.84 0.08 1.00 0.14 
14 1.05 0.15 1.21 0.21  14 1.00 0.13 1.19 0.19 
18 1.19 0.21 1.34 0.27  18 1.16 0.19 1.29 0.24 
22 1.29 0.32 1.29 0.36  22 1.28 0.28 1.27 0.30 
26 1.29 0.39 1.29 0.41  26 1.28 0.39 1.26 0.38 















 for MLV, 60 knots: This plot demonstrates the shape and values of 


























Statistics: Monofilm Laminate Downwind 60 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .936742 .181438 
Std. Error of Mean .0809981 .0384313 
Median 1.022473 .124478 
Mode 1.2788 .0075a 
Std. Deviation .3436460 .1630500 
Variance .118 .027 
Skewness -.487 .774 
Kurtosis -1.277 -.708 
Range .9496 .5013 
Minimum .3507 .0075 
Maximum 1.3003 .5088 
Sum 16.8614 3.2659 




 for MLV, 60 knots: This plot demonstrates the shape and values of 






















Case Processing Summary: Monofilm Laminate Downwind 60 Knots 
 
Cases 
      Valid       Missing        Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Monofilm Laminate Downwind 60 Knots 
 
Kolmogorov-Smirnovaa Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
Coefficient of Lift .187 18 .098 .876 18 .022 
Coefficient of Drag .166 18 .200* .883 18 .030 
*. This is a lower bound of the true significance. 







ANOVA: Monofilm Laminate Downwind Orientation, 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL Between Groups .003 1 .003 .024 .879 
Within Groups 2.005 16 .125   
Total 2.008 17    
CD Between Groups .001 1 .001 .029 .867 
Within Groups .451 16 .028   






Robust Tests of Equality of Means 
 Statistica df1 df2 Sig. 
CL Welch .024 1 15.994 .879 
CD Welch .029 1 15.827 .867 








Table E-an-8         
        
Average of Two MLV, 60 Knot Runs to be Used for Comparison 
AOA CL CD      
-2 0.35 0.03      
2 0.53 0.04      
6 0.67 0.06      
10 0.84 0.09      
14 1.02 0.14      
18 1.17 0.20      
22 1.28 0.30      
26 1.29 0.39      









 average for MLV, 60 knots: This plot demonstrates the shape and 











Table E-ao-1           
Figure E-an-4. C
D
 average for MLV, 60 knots: This plot demonstrates the shape and 






























          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables             
Airspeed (V)      80 knots   
          
run 1         
Temperature 75 °F 534.7 °R 
Atmospheric Pressure 25.08 in. Hg 12.32 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2 17.67 psi     
Reynolds number (Re)  760000     
          
run 2         
Temperature 73 °F 532.7 °R 
Atmospheric Pressure 25.1 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2 17.75 psi     


















Table E-ao-2           
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 5.7 3.3 6.7 4.1  -2 4.5 4.8 6.2 6.8 
2 11.4 6.5 12.4 9.2  2 11.2 9.4 12.4 12.7 
6 16.6 13 17.6 16.5  6 17 17 18.5 21 
10 22.8 22.8 24.3 26.9  10 22.7 25.7 24.9 32 
14 29.6 37.1 31.2 42.1  14 29 38.7 31 44.6 
18 35.6 55.2 36.9 59.3  18 35.1 54.7 35.5 57.5 
22 36.5 84 36.2 79.9  22 35.8 78 35.9 84.5 
26 35.2 100.5 35.2 102.2  26 34.6 102.6 35.8 103.5 
30 36.8 121.9 36.8 121.9  30 35.8 121.5 35.8 121.5 
 
 
Table E-ao-3           
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.26 0.02 0.29 0.02  -2 0.22 0.02 0.27 0.03 
2 0.43 0.03 0.46 0.04  2 0.42 0.04 0.46 0.05 
6 0.59 0.05 0.62 0.07  6 0.60 0.07 0.65 0.08 
10 0.78 0.09 0.82 0.11  10 0.77 0.10 0.84 0.13 
14 0.99 0.15 1.03 0.17  14 0.96 0.15 1.02 0.18 
18 1.17 0.22 1.21 0.24  18 1.15 0.22 1.16 0.23 
22 1.20 0.34 1.19 0.32  22 1.17 0.31 1.17 0.34 
26 1.16 0.40 1.16 0.41  26 1.13 0.41 1.17 0.41 














 for MLV, 80 knots: This plot demonstrates the shape and values of 
the trials of the wing for evaluation of similarity. 
Figure E-ao-2. C
D
 for MLV, 80 knots: This plot demonstrates the shape and values of 




































Statistics: Treatment - MLV 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .854049 .187470 
Std. Error of Mean .0825901 .0393295 
Median .974659 .137354 
Mode 1.1693 .0045a 
Std. Deviation .3504003 .1668609 
Variance .123 .028 
Skewness -.614 .579 
Kurtosis -1.156 -1.141 
Range .9839 .4753 
Minimum .2211 .0045 
Maximum 1.2051 .4798 
Sum 15.3729 3.3745 




Table E-ao-5  
 
Case Processing Summary: Treatment - MLV 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - MLV 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .231 18 .012 .851 18 .009 
CD .170 18 .178 .884 18 .030 













ANOVA: Treatment - MLV 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .002 1 .002 .013 .912 
Within Groups 2. 16 .130   
Total 2.087 17    
CD 
Between Groups .000 1 .000 .000 .986 
Within Groups .473 16 .030   






Robust Tests of Equality of Means: Treatment - MLV 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .013 1 15.998 .912 
CD Welch .000 1 15.971 .986 




Table E-ao-9         
         
Average of Two MLV, 80 Knot Runs to be Used for Comparison 
AOA CL CD       
-2 0.24 0.02       
2 0.43 0.03       
6 0.60 0.06       
10 0.78 0.10       
14 0.97 0.15       
18 1.16 0.22       
22 1.18 0.33       
26 1.14 0.40       
















 average for MLV, 80 knots: This plot demonstrates the shape and 
average values of the trials of the wing.  
Figure E-ao-4. C
D
 average for MLV, 80 knots: This plot demonstrates the shape and 































Appendix E-ap: Treatment - Monofilm Laminate Downwind Orientation, 100 Knots 
 
Table E-ap-1          
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables             
Airspeed 
(V)      100 knots   
          
run 1         
Temperature         74 °F 533.7 °R 
Atmospheric Pressure     25.08 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.68 psi     
Reynolds number (Re)        950000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.10 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.63 psi     
Reynolds number (Re)        950000     
          
run 3         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.10 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.63 psi     












run 4         
Temperature         76 °F 535.7 °R 
Atmospheric Pressure     25.13 in. Hg 12.34 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.61 psi     




Table E-ap-2           
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 7.1 6.3 8.3 7.1  -2 7.7 6.9 7.3 7.7 
2 17.2 12.4 18 15.3  2 17 12.4 18.8 16.7 
6 26.4 23.1 28.4 27.5  6 26.4 22.7 27.8 27.3 
10 36.3 35.3 38.4 45  10 36.7 38.5 38.6 43.6 
14 46.7 57.8 48.3 66.8  14 47.4 59 48.2 65.1 
18 55.8 87.5 55.9 89.6  18 56.4 85.8 56.5 89.2 
22 54.3 123 54.3 123  22 56.3 130 56.3 130 
26      26     
























Table E-ap-3           
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.19 0.02 0.22 0.02  -2 0.20 0.02 0.20 0.02 
2 0.39 0.03 0.40 0.04  2 0.39 0.03 0.42 0.04 
6 0.57 0.06 0.61 0.07  6 0.57 0.06 0.60 0.07 
10 0.76 0.09 0.80 0.12  10 0.77 0.10 0.81 0.12 
14 0.96 0.16 0.99 0.19  14 0.98 0.16 0.99 0.18 
18 1.14 0.25 1.14 0.26  18 1.15 0.25 1.15 0.26 
22 1.11 0.35 1.11 0.35  22 1.15 0.37 1.15 0.37 
26      26     




Table E-ap-4           
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 9.1 7 9.3 8.7  -2 8.6 10.3 9.2 12.9 
2 17.1 12.7 19 16.9  2 18.1 17 18.6 20.5 
6 27.6 24.7 29.4 28.9  6 26.8 27 28.3 30.4 
10 37.6 40.3 37.9 43.6  10 37.5 42.6 39.3 46 
14 47 58.9 48 65.8  14 47.5 61.2 48.8 65.4 
18 56.3 84 55.7 87  18 57.3 84.6 58.6 89.9 
22 54.9 121.5 54.9 121.5  22 57.3 129 57.3 129 
26      26     













Table E-ap-5          
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.23 0.02 0.24 0.02  -2 0.22 0.03 0.23 0.03 
2 0.39 0.03 0.42 0.04  2 0.41 0.04 0.42 0.05 
6 0.59 0.06 0.63 0.07  6 0.58 0.07 0.61 0.08 
10 0.79 0.11 0.79 0.12  10 0.78 0.11 0.82 0.12 
14 0.97 0.16 0.99 0.18  14 0.98 0.17 1.00 0.18 
18 1.15 0.24 1.14 0.25  18 1.17 0.25 1.20 0.26 
22 1.12 0.35 1.12 0.35  22 1.17 0.37 1.17 0.37 
26      26     











 for MLV, 100 knots: This plot demonstrates the shape and values of 



























Statistics: Treatment - MLV, 100 Knots 
 CL CD 
N Valid 14 14 
Missing 0 0 
Mean .737292 .126109 
Std. Error of Mean .0947757 .0326747 
Median .764093 .083036 
Mode .1923a .0042a 
Std. Deviation .3546182 .1222576 
Variance .126 .015 
Skewness -.254 .869 
Kurtosis -1.441 -.493 
Range .9598 .3572 
Minimum .1923 .0042 
Maximum 1.1521 .3614 
Sum 10.3221 1.7655 






















 for MLV, 100 knots: This plot demonstrates the shape and values of 








Case Processing Summary: Treatment - MLV, 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 14 100.0% 0 0.0% 14 100.0% 






Tests of Normality: Treatment - MLV, 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .165 14 .200
* .899 14 .110 
CD .196 14 .150 .868 14 .040 
*. This is a lower bound of the true significance. 






ANOVA: Treatment - MLV 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .004 .949 
Within Groups 1.634 12 .136   
Total 1.635 13    
CD 
Between Groups .000 1 .000 .005 .943 
Within Groups .194 12 .016   














Robust Tests of Equality of Means: Treatment - MLV 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .004 1 11.993 .949 
CD Welch .005 1 11.971 .943 




Table E-ao-9         
         
Average of MLV, 100 Knot Runs to be Used for Comparison 
AOA CL CD       
-2 0.21 0.02       
2 0.39 0.04       
6 0.58 0.06       
10 0.77 0.10       
14 0.97 0.16       
18 1.15 0.25       
22 1.14 0.36       
26         



















 average for MLV, 100 knots: This plot demonstrates the shape and 
average values of the trials of the wing.  
Figure E-ap-4. C
D
 average for MLV, 100 knots: This plot demonstrates the shape and 


































Table E-aq-1          
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.000178   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables             
Airspeed (V)      120 knots   
          
run 1         
Temperature 75 °F 534.7 °R 
Atmospheric Pressure 25.1 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2 39.78 psi     
Reynolds number (Re)  1140000     
          
run 2         
Temperature 75 °F 534.7 °R 
Atmospheric Pressure 25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2 39.86 psi     

















Table E-aq-2           
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 9.7 15.2 11.8 16.6  -2 7.1 15.1 10.7 16.7 
0 17.4 18.1 18.7 21.8  0 17.7 17.7 18 19.7 
2 23.8 22.8 27.1 28  2 24.3 22.8 25.1 26.9 
4 31.4 29.8 31.9 33.5  4 30.5 28.7 34.7 36.4 
6 38.7 38.5 39.6 42.3  6 37.3 36.5 40.6 42.6 
8 44.2 45.9 47.3 52.7  8 44.5 46.3 48 52.2 
10 52.9 59.3 55.5 64.9  10 53.6 60.2 55.6 63.2 
12 63 76.5 64.7 81.5  12 59.9 71.1 62.6 75 
14 69.7 87.7 71.7 95.4  14 67.8 86.5 71.2 91.4 
16 75.6 101.2 75.8 105.8  16 76 102.4 77.1 106.6 
18 80.7 121.8 80.7 121.8  18 80.8 117.6 80.8 117.6 
20      20     
22      22     
24      24     
26      26     
28      28     

















Table E-aq-3           
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.17 0.03 0.20 0.03  -2 0.13 0.03 0.18 0.03 
0 0.27 0.03 0.29 0.04  0 0.28 0.03 0.28 0.03 
2 0.36 0.04 0.40 0.05  2 0.37 0.04 0.38 0.05 
4 0.46 0.05 0.47 0.06  4 0.45 0.05 0.51 0.07 
6 0.56 0.07 0.57 0.08  6 0.54 0.07 0.59 0.08 
8 0.64 0.09 0.68 0.10  8 0.64 0.09 0.69 0.10 
10 0.75 0.12 0.79 0.13  10 0.76 0.12 0.79 0.13 
12 0.89 0.16 0.91 0.17  12 0.85 0.15 0.88 0.16 
14 0.98 0.19 1.01 0.21  14 0.95 0.19 1.00 0.20 
16 1.06 0.23 1.06 0.24  16 1.06 0.23 1.08 0.24 
18 1.13 0.28 1.13 0.28  18 1.13 0.27 1.13 0.27 
20      20     
22      22     
24      24     
26      26     
28      28     



















 for MLV, 120 knots: This plot demonstrates the shape and values 
of the trials of the wing for evaluation of similarity. 
Figure E-aq-2. C
D
 for MLV, 120 knots: This plot demonstrates the shape and values 






































Statistics: Treatment - MLV, 120 Knots 
 CL CD 
N Valid 22 22 
Missing 0 0 
Mean .656762 .100191 
Std. Error of Mean .0678423 .0177735 
Median .636567 .071605 
Mode .1605a .0115a 
Std. Deviation .3182084 .0833651 
Variance .101 .007 
Skewness .005 .733 
Kurtosis -1.295 -.730 
Range .9679 .2557 
Minimum .1605 .0115 
Maximum 1.1284 .2673 
Sum 14.4488 2.2042 






Case Processing Summary: Treatment - MLV, 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 22 100.0% 0 0.0% 22 100.0% 






Tests of Normality: Treatment - MLV, 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .096 22 .200
* .942 22 .214 
CD .178 22 .068 .886 22 .016 
*. This is a lower bound of the true significance. 











ANOVA: Treatment - MLV 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .003 .954 
Within Groups 2.126 20 .106   
Total 2.126 21    
CD 
Between Groups .000 1 .000 .006 .939 
Within Groups .146 20 .007   






Robust Tests of Equality of Means: Treatment - MLV 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .003 1 19.998 .954 
CD Welch .006 1 19.988 .939 





















Table E-aq-9        
        
Average of MLV, 120 Knot Runs to be Used for Comparison 
AOA CL CD      
-2 0.15 0.03      
0 0.27 0.03      
2 0.36 0.04      
4 0.46 0.05      
6 0.55 0.07      
8 0.64 0.09      
10 0.76 0.12      
12 0.87 0.15      
14 0.97 0.19      
16 1.06 0.23      
18 1.13 0.28      
20        
22        
24        
26        
28        




















 average for MLV, 120 knots: This plot demonstrates the shape and 
average values of the trials of the test wing.  
Figure E-aq-4. C
D
 average for MLV, 120 knots: This plot demonstrates the shape and 


































Table E-ar-1            
           
Constants          
Kinematic viscosity of air, STP@5000'msl  0.000178    
Universal gas constant R in psia-ft3/slugmole°R 345.23     
MW air in slugs/slugmole  28.966     
           
Variables              
Airspeed (V)      140 knots    
           
run 1          
Temperature                75  °F  534.7  °R  
Atmospheric Pressure     25.10 in. Hg 12.33 psi    
Air density = ρ slugs/ft3 = (MW)P/RT     0.002  slugs/ft3       
Dynamic press. q =.5ρV2     54.15 psi      
Reynolds number (Re)        1,330,000      
           
run 2          
Temperature                75  °F 534.7   °R  
Atmospheric Pressure     25.15 in. Hg 12.35 psi    
Air density = ρ slugs/ft3 = (MW)P/RT     0.002  slugs/ft3       
Dynamic press. q =.5ρV2     54.26 psi      















Table E-ar-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 13.1 24.2 12.8 24.9  -2 13.4 23.2 15.2 25.6 
2 31.3 32.3 30.7 34.2  2 33 32.9 36.4 38.1 
6 50.6 50.7 54.3 57.3  6 53.7 53.8 53.3 54.5 
10 70.2 76.2 76.1 85.6  10 75.6 84.1 71.7 77.8 
14 93.4 113.9 93.9 115.3  14 90.4 108.2 94.0 115.0 
18      18     
22      22     
26      26     




Table E-ar-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.16 0.03 0.15 0.03  -2 0.16 0.03 0.18 0.03 
2 0.34 0.04 0.33 0.05  2 0.35 0.04 0.39 0.05 
6 0.53 0.07 0.57 0.08  6 0.56 0.08 0.56 0.08 
10 0.72 0.12 0.78 0.14  10 0.78 0.14 0.74 0.13 
14 0.96 0.21 0.96 0.22  14 0.92 0.20 0.96 0.21 
18      18     
22      22     
26      26     
30      30     


















 for MLV; 140 knots: This plot demonstrates the shape and values 
of the trials of the baseline test wing for evaluation of similarity. 
Figure E-ar-2. CD for MLV; 140 knots: This plot demonstrates the shape and values 






































Statistics: Treatment - MLV, 140 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .551685 .076331 
Std. Error of Mean .0622883 .0140028 
Median .549238 .058821 
Mode .1582a .0136a 
Std. Deviation .2642670 .0594088 
Variance .070 .004 
Skewness .019 .729 
Kurtosis -1.270 -.756 
Range .7988 .1789 
Minimum .1582 .0136 
Maximum .9569 .1926 
Sum 9.9303 1.3740 






Case Processing Summary: Treatment - MLV, 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - MLV, 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .100 18 .200
* .946 18 .370 
CD .152 18 .200
* .889 18 .037 
*. This is a lower bound of the true significance. 











ANOVA: Treatment - MLV, 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .012 .914 
Within Groups 1.186 16 .074   
Total 1.187 17    
CD 
Between Groups .000 1 .000 .001 .980 
Within Groups .060 16 .004   






Robust Tests of Equality of Means: Treatment - MLV, 140 Knots 
 Statistica df1 df2 Sig. 
CL Welch .012 1 15.997 .914 
CD Welch .001 1 15.955 .980 





















Table E-ar-9         
          
Average of the Treatment - MLV, 140 Knot Runs to be Used for Comparison 
AOA CL CD        
-2 0.25 0.01        
0 0.35 0.01        
2 0.45 0.02        
4 0.53 0.03        
6 0.62 0.05        
8 0.74 0.08        
10 0.83 0.10        
12 0.94 0.13        
14 1.03 0.16        
16 1.12 0.21        
18 1.19 0.24        
20 1.27 0.29        
22 1.32 0.33        
24          
26          
28          












 average for MLV, 140 knots: This plot demonstrates the shape and 
average values of the trials of the test wing.  
Figure E-ar-4. C
D
 average for MLV, 140 knots: This plot demonstrates the shape and 


































Table E-as-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002    
Universal gas constant R in psia-ft3/slugmole°R 345.23    
MW air in slugs/slugmole  28.966    
          
Variables                 
Airspeed (V)      60 knots   
          
run 1         
Temperature         77 °F 534.67 °R 
Atmospheric Pressure     25.05 in. Hg 12.303 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     9.889 psi     
Reynolds number (Re)        570000       
          
run 2         
Temperature         79 °F 534.67 °R 
Atmospheric Pressure     25.05 in. Hg 12.303 psi 
Air density = ρ slugs/ft3 = (MW)P/RT   0.0019 slugs/ft3     
Dynamic press. q =.5ρV2     9.9852 psi     
Reynolds number (Re)        570000       
 
run 3         
Temperature         79 °F 538.7 °R 
Atmospheric Pressure 
 
  25.05 in. Hg 12.3 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2 
 
  9.852 psi     
Reynolds number (Re)      570000       










run 4         
Temperature         79 °F 538.7 °R 
Atmospheric Pressure     25.1 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     9.872 psi     
Reynolds number (Re)      570000       
 
 
Table E-ad-2            
           










AOA Lift Drag Lift Drag  AOA Lift Drag Lift Drag 
-2 3 4.6 3 5.5  -2 3.2 4.3 2.8 4.7 
2 6.3 6 6.7 7.5  2 6.4 5.8 6.6 6.8 
6 9.9 9.8 10.4 11.5  6 10.3 9.9 10.7 11.3 
10 14.8 16.7 14.3 17.6  10 14 15.5 14.6 17.6 
14 17 23.2 17.9 25.7  14 17 22.2 18.3 25.6 
18 19.1 31.6 21 37.1  18 20 32.8 21 34.4 
22 20.1 43.5 20.5 49.5  22 20.5 44.6 21.1 43.8 
26 20.8 56 19.8 68.2  26 20.9 55.3 20 66.8 























Table E-as-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.32 0.04 0.32 0.04  -2 0.33 0.04 0.31 0.04 
2 0.49 0.05 0.52 0.06  2 0.50 0.05 0.51 0.05 
6 0.69 0.07 0.72 0.08  6 0.71 0.07 0.74 0.08 
10 0.96 0.12 0.93 0.12  10 0.92 0.11 0.95 0.12 
14 1.08 0.16 1.13 0.18  14 1.08 0.15 1.15 0.18 
18 1.19 0.22 1.29 0.25  18 1.24 0.22 1.30 0.24 
22 1.25 0.29 1.27 0.33  22 1.27 0.30 1.30 0.30 
26 1.28 0.38 1.23 0.45  26 1.29 0.37 1.24 0.44 




Table E-as-4            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 2.9 4.3 3.2 4.7  -2 2.2 3.8 2.8 4.2 
2 6.6 6.1 6.9 6.9  2 6.0 5.0 7.0 6.2 
6 10.3 10.1 10.4 10.9  6 10.1 8.8 10.3 9.8 
10 14.1 16 14.5 17.3  10 13.8 14.1 14.7 16.7 
14 17.7 23.6 18.3 25.5  14 17.2 20.9 18.1 24.9 
18 20.1 32.7 21.1 35.4  18 18.8 29.9 20.5 33.2 
22 20.7 44.3 20.8 46.1  22 20.3 41.4 20.8 43.1 
26 21.1 55.9 20.3 70.1  26 20.8 53.4 15.4 57.2 











Table E-as-5           
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.31 0.04 0.33 0.04  -2 0.27 0.03 0.30 0.04 
2 0.51 0.05 0.53 0.05  2 0.48 0.04 0.53 0.05 
6 0.71 0.07 0.72 0.08  6 0.70 0.07 0.71 0.07 
10 0.92 0.11 0.94 0.12  10 0.90 0.10 0.95 0.12 
14 1.12 0.16 1.15 0.18  14 1.09 0.15 1.14 0.17 
18 1.25 0.22 1.30 0.24  18 1.18 0.20 1.27 0.23 
22 1.28 0.30 1.29 0.31  22 1.26 0.28 1.29 0.29 
26 1.30 0.38 1.26 0.47  26 1.29 0.36 0.99 0.37 















 for treatment 220 PP MLE, 60 knots: This plot demonstrates the 
shape and values of the trials of the wing for evaluation of similarity. 
Figure E-as-2. C
D
 for treatment 220 PP MLE, 60 knots: This plot demonstrates the 









































Statistics: Treatment - 220 PP MLE, 60 Knots 
 CL CD 
N Valid 27 27 
Missing 0 0 
Mean .951188 .193203 
Std. Error of Mean .0669706 .0311575 
Median 1.080497 .146116 
Mode .7149 .0236a 
Std. Deviation .3479895 .1618991 
Variance .121 .026 
Skewness -.717 .830 
Kurtosis -.995 -.391 
Range .9932 .4978 
Minimum .3111 .0236 
Maximum 1.3042 .5213 
Sum 25.6821 5.2165 






Case Processing Summary: Treatment - 220 PP MLE, 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 27 100.0% 0 0.0% 27 100.0% 






Tests of Normality: Treatment - 220 PP MLE, 60 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .199 27 .008 .844 27 .001 
CD .161 27 .070 .874 27 .004 
*. This is a lower bound of the true significance. 











ANOVA: Treatment - 220 PP MLE, 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .002 2 .001 .006 .994 
Within Groups 3.147 24 .131   
Total 3.149 26    
CD 
Between Groups .000 2 .000 .001 .999 
Within Groups .681 24 .028   






Robust Tests of Equality of Means: Treatment - 220 PP MLE, 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .006 2 15.998 .994 
CD Welch .001 2 16.000 .999 
a. Asymptotically F distributed. 
 
 
Table E-as-9           
          
Average of Treatment - 220 PP MLE, 60 Knot Runs to be Used for Comparison 
AOA CL CD        
-2 0.31 0.04        
2 0.50 0.05        
6 0.71 0.07        
10 0.92 0.11        
14 1.09 0.16        
18 1.22 0.22        
22 1.26 0.29        
26 1.29 0.37        
















 average for 220 PP MLE, 60 knots: This plot demonstrates the 
shape and average values of the trials of the test wing.  
Figure E-as-4. C
D
 average for 220 PP MLE, 60 knots: This plot demonstrates the 


































Table E-at-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  .0002    
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         79.5 °F 539.2 °R 
Atmospheric Pressure     25.05 in. Hg 12.3 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.5 psi     
Reynolds number (Re)      760000     
          
run 2         
Temperature         79.5 °F 539.2 °R 
Atmospheric Pressure     25.06 in. Hg 12.31 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.51 psi     
Reynolds number 
(Re)        760000     
          
run 3         
Temperature         79 °F 538.7 °R 
Atmospheric Pressure     25.1 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.55 psi     











run 4         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.1 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.68 psi     
Reynolds number (Re)      760000     




Table E-at-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 4.9 6.8 5.2 6.0  -2 4.5 6.7 5.5 7.2 
2 10.4 9.3 11.4 9.6  2 11.3 10.2 11.4 10.6 
6 16.9 16.1 18.5 17.4  6 17.9 17.6 17.4 17.7 
10 23.4 25.7 24.6 26.6  10 24.0 26.2 24.9 28.6 
14 29.2 37.8 31.0 41.0  14 29.7 37.9 31.5 42.7 
18 35.3 56.2 35.1 55.2  18 35.2 54.8 35.7 59.0 
22 35.3 76.1 35.6 74.6  22 35.3 74.2 35.4 76.5 
26 35.4 95.5 35.8 96.5  26 35.4 99.4 35.6 98.8 
















Table E-at-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.24 0.03 0.25 0.03  -2 0.22 0.03 0.25 0.03 
2 0.41 0.04 0.44 0.04  2 0.43 0.04 0.44 0.04 
6 0.61 0.06 0.65 0.07  6 0.64 0.07 0.62 0.07 
10 0.80 0.10 0.84 0.11  10 0.82 0.10 0.85 0.11 
14 0.98 0.15 1.04 0.17  14 1.00 0.15 1.05 0.17 
18 1.17 0.23 1.16 0.23  18 1.17 0.22 1.18 0.24 
22 1.17 0.31 1.18 0.30  22 1.17 0.30 1.17 0.31 
26 1.17 0.39 1.19 0.39  26 1.17 0.40 1.18 0.40 






Table E-at-4            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 3.6 6.6 5.7 6.6  -2 5.9 5.8 4.7 6.8 
2 11.2 9.0 11.3 9.1  2 11.2 8.3 11.1 9.3 
6 17.2 15.3 18.2 16.2  6 17.8 14.9 18.3 16.6 
10 22.4 23.2 24.9 26.3  10 24.0 25.2 25.4 27.6 
14 28.6 37.3 30.4 38.5  14 29.5 37.3 31.1 40.0 
18 35.3 54.5 35.4 56.5  18 36.6 57.8 36.0 58.3 
22 37.1 72.9 37.2 72.7  22 37.4 72.6 37.8 74.5 
26 38.0 95.2 31.7 118.9  26 38.5 95.7 38.1 95.3 









Table E-at-5           
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.20 0.03 0.26 0.03  -2 0.26 0.03 0.23 0.03 
2 0.43 0.04 0.43 0.04  2 0.43 0.04 0.42 0.04 
6 0.61 0.06 0.64 0.07  6 0.63 0.06 0.64 0.07 
10 0.77 0.09 0.85 0.11  10 0.81 0.10 0.86 0.11 
14 0.96 0.15 1.02 0.16  14 0.98 0.15 1.03 0.16 
18 1.17 0.22 1.17 0.23  18 1.20 0.24 1.18 0.24 
22 1.22 0.30 1.23 0.30  22 1.22 0.30 1.23 0.30 
26 1.25 0.39 1.06 0.47  26 1.26 0.39 1.24 0.39 

















 for 220 PP MLE, 80 knots: This plot demonstrates the shape and 
values of the trials of the wing for evaluation of similarity. 
Figure E-at-2. C
D
 for 220 PP MLE, 80 knots: This plot demonstrates the shape and 










































Statistics: Treatment - 220 PP MLE, 80 Knots 
 CL CD 
N Valid 36 36 
Missing 0 0 
Mean .872161 .192396 
Std. Error of Mean .0597553 .0282760 
Median .982669 .137139 
Mode 1.1706 .0129a 
Std. Deviation .3585318 .1696557 
Variance .129 .029 
Skewness -.597 .766 
Kurtosis -1.100 -.568 
Range 1.0719 .5454 
Minimum .1961 .0129 
Maximum 1.2680 .5583 
Sum 31.3978 6.9263 






Case Processing Summary: Treatment - 220 PP MLE, 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 36 100.0% 0 0.0% 36 100.0% 






Tests of Normality: Treatment - 220 PP MLE, 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .211 36 .000 .866 36 .000 
CD .178 36 .005 .882 36 .001 











ANOVA: Treatment - 220 PP MLE, 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .008 3 .003 .020 .996 
Within Groups 4.491 32 .140   
Total 4.499 35    
CD 
Between Groups .001 3 .000 .007 .999 
Within Groups 1.007 32 .031   






Robust Tests of Equality of Means: Treatment - 220 PP MLE, 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .018 3 17.769 .996 
CD Welch .007 3 17.750 .999 
a. Asymptotically F distributed. 
 
 
Table E-at-9           
          
Average of Treatment - 220 PP MLE 80 Knot Runs to be Used for Comparison 
AOA CL CD        
-2 0.23 0.03        
2 0.42 0.04        
6 0.62 0.06        
10 0.80 0.10        
14 0.98 0.15        
18 1.18 0.23        
22 1.20 0.30        
26 1.21 0.39        
















 average for 220 PP MLE, 80 knots: This plot demonstrates the 
shape and average values of the trials of the test wing.  
Figure E-at-4. C
D
 average for 220 PP MLE, 80 knots: This plot demonstrates the 


































Table E-au-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  .0002    
Universal gas constant R in psia-
ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         76 °F 535.7 °R 
Atmospheric Pressure     25.1 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.58 psi     
Reynolds number 
(Re)        950000       
          
run 2         
Temperature         77 °F 536.7 °R 
Atmospheric Pressure     25.09 in. Hg 12.32 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.51 psi     
Reynolds number 
(Re)        1E+06       
          
run 3         
Temperature         79.5 °F 539.2 °R 
Atmospheric Pressure     25.1 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.4 psi     
Reynolds number 













Table E-au-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 6.5 7.2 8.6 7.8  -2 7.3 9.9 7.9 10.7 
2 16.4 10.6 18.1 12.7  2 16.1 14.0 18.2 16.1 
6 25.5 20.3 26.9 21.6  6 25.3 22.4 27.8 25.4 
10 35.3 34.9 37.5 37.3  10 35.3 36.8 38.1 40.7 
14 44.9 54.0 48.0 58.9  14 46.4 57.0 46.9 59.3 
18 54.6 77.6 55.6 82.0  18 55.2 83.8 56.6 89.4 
22 56.1 113.1 55.9 111.2  22 59.1 111.6 59.3 110.6 
26 60.5 145.2 59.3 138.1  26 60.7 143.5 60.1 143.0 




Table E-au-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.18 0.02 0.22 0.02  -2 0.20 0.03 0.21 0.03 
2 0.37 0.03 0.41 0.03  2 0.37 0.04 0.41 0.04 
6 0.55 0.05 0.58 0.06  6 0.55 0.06 0.60 0.07 
10 0.74 0.09 0.79 0.10  10 0.74 0.10 0.80 0.11 
14 0.93 0.15 0.99 0.16  14 0.96 0.16 0.97 0.16 
18 1.12 0.22 1.14 0.24  18 1.13 0.24 1.16 0.26 
22 1.15 0.33 1.14 0.32  22 1.21 0.33 1.21 0.33 
26 1.23 0.43 1.21 0.40  26 1.24 0.42 1.23 0.42 












Table E-au-4           
          





AOA      
AOA Lift Drag Lift Drag      
-2 6.8 8.9 7.5 9.7      
2 17.4 13.8 16.7 13.6      
6 26.3 22.3 26.8 23.2      
10 36.6 37.2 39.8 42.2      
14 47.3 56.8 48.0 60.9      
18 55.7 82.5 56.6 89.5      
22 56.6 112.5 56.3 116.2      
26 60.9 144.8 60.4 141.5      




Table E-au-5          
          
Calibration and Coefficient Transformation 220 PP MLE, 100 Knots 
Run 3 Inc. AOA Dec. AOA      
AOA CL CD CL CD      
-2 0.19 0.02 0.20 0.03      
2 0.40 0.04 0.38 0.04      
6 0.57 0.06 0.58 0.06      
10 0.77 0.10 0.84 0.11      
14 0.98 0.16 1.00 0.17      
18 1.15 0.24 1.17 0.26      
22 1.17 0.33 1.16 0.34      
26 1.25 0.43 1.24 0.42      















 for 220 PP MLE, 100 knots: This plot demonstrates the shape and 
values of the trials of the test wing for evaluation of similarity. 
Figure E-au-2. C
D
 for 220 PP MLE, 100 knots: This plot demonstrates the shape and 








































Statistics: Treatment - 220 PP MLE, 100 Knots   
 CL CD   
N Valid 18 18   
Missing 0 0   
Mean .852730 .206464   
Std. Error of Mean .0907713 .0462119   
Median .972308 .143548   
Mode .1884a .0099a   
Std. Deviation .3851101 .1960604   
Variance .148 .038   
Skewness -.551 .882   
Kurtosis -1.242 -.304   
Range 1.0617 .6046   
Minimum .1884 .0099   
Maximum 1.2501 .6145   
Sum 15.3491 3.7164   






Case Processing Summary: Treatment - 220 PP MLE, 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 220 PP MLE, 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .211 18 .033 .865 18 .015 
CD .181 18 .125 .873 18 .020 











ANOVA: Treatment - 220 PP MLE, 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .002 .965 
Within Groups 2.521 16 .158   
Total 2.521 17    
CD 
Between Groups .000 1 .000 .001 .971 
Within Groups .653 16 .041   






Robust Tests of Equality of Means: Treatment - 220 PP MLE, 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .002 1 15.997 .965 
CD Welch .001 1 15.977 .971 
a. Asymptotically F distributed. 
 
 
Table E-au-11           
          
Average of Treatment -220 PP MLE 100 Knot Runs to be Used for Comparison 
AOA CL CD        
-2 0.19 0.02        
2 0.38 0.03        
6 0.56 0.06        
10 0.75 0.10        
14 0.96 0.16        
18 1.13 0.24        
22 1.17 0.33        
26 1.24 0.43        














 average for 220 PP MLE, 100 knots: This plot demonstrates the 

























220 PP MLE 100 knot ave CD
Figure E-au-4. C
D
 average for 220 PP MLE, 100 knots: This plot demonstrates the 












Table E-av-1            
           
Constants                  
Kinematic viscosity of air, STP@5000'msl  .0002     
Universal gas constant R in psia-ft3/slugmole°R 345.2     
MW air in slugs/slugmole  28.97     
           
Variables                  
Airspeed (V)      120 knots    
           
run 1          
Temperature         79.5 °F 539.2 °R  
Atmospheric Pressure     25.05 in. Hg 12.3 psi    
Air density = ρ slugs/ft3 = 
(MW)P/RT   0.002 slugs/ft3    
Dynamic press. q =.5ρV2     39.37 psi      
Reynolds number (Re)        1140000      
           
run 2          
Temperature         79.5 °F 539.2 °R  
Atmospheric Pressure     25.06 in. Hg 12.31 psi    
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3    
Dynamic press. q =.5ρV2     39.39 psi      
Reynolds number (Re)        1140000      
           
run 3          
Temperature         79 °F 538.7 °R  
Atmospheric Pressure     25.1 in. Hg 12.33 psi    
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3    
Dynamic press. q =.5ρV2     39.49 psi      












Table E-av-2            
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 8.9 16.7 9.3 17.8  -2 7.7 18.8 11.3 19.2 
2 24.3 23.9 22.1 23.4  2 22.7 23.1 27.1 27.2 
6 39.1 39.3 37.4 38.0  6 35.6 35.4 40.2 41.2 
10 51.9 58.4 53.1 59.7  10 49.2 53.6 55.6 63.7 
14 67.3 86.4 69.6 92.5  14 63.5 80.6 68.3 88.2 
18 78.9 116.6 78.9 126.6  18 78.4 114.5 77.5 115.2 
22 79.9 132.9 79.9 132.9  22 79.9 132.9 79.9 132.9 
26 79.0 215.0 79.0 215.0  26 79.0 215.0 79.0 215.0 









run 4          
Temperature         75 °F 534.7 °R  
Atmospheric Pressure     25.1 in. Hg 12.33 psi    
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3    
Dynamic press. q =.5ρV2     39.78 psi      



























Table E-av-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.16 0.03 0.17 0.03  -2 0.14 0.03 0.19 0.03 
2 0.37 0.04 0.34 0.04  2 0.35 0.04 0.41 0.05 
6 0.57 0.07 0.55 0.07  6 0.52 0.07 0.59 0.08 
10 0.75 0.12 0.76 0.12  10 0.71 0.11 0.80 0.13 
14 0.96 0.19 0.99 0.20  14 0.90 0.17 0.97 0.19 
18 1.12 0.27 1.12 0.29  18 1.11 0.27 1.10 0.27 
22 1.13 0.31 1.13 0.31  22 1.13 0.31 1.13 0.31 
26 1.12 0.50 1.12 0.50  26 1.12 0.50 1.12 0.50 
30           30         
Table E-av-4            
           










AOA Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 10.1 17.9 10.6 18.7  -2 8.1 13.9 13.1 28.4 
2 22.7 22.5 25.4 25.4  2 23.9 19.4 25.7 29.5 
6 38.2 37.5 40.8 41.7  6 37.0 32.1 39.8 40.3 
10 50.8 56.2 56.0 63.8  10 52.2 52.0 54.0 56.3 
14 65.8 84.5 68.8 89.5  14 66.6 77.5 69.6 86.2 
18 77.6 114.6 77.6 114.6  18 80.5 116.1 82.3 119.6 
22 81.7 138.1 81.3 156.4  22 81.7 138.1 81.3 156.4 
26 79.0 215.0 79.0 215.0  26 79.0 215.0 79.0 215.0 








Table E-av-5           
           










AOA CL CD CL CD  AOA      CL CD CL CD 
-2 0.18 0.03 0.18 0.03  -2 0.15 0.02 0.21 0.05 
2 0.35 0.04 0.38 0.05  2 0.36 0.03 0.39 0.05 
6 0.56 0.07 0.59 0.08  6 0.54 0.06 0.58 0.08 
10 0.73 0.11 0.80 0.13  10 0.74 0.10 0.77 0.11 
14 0.93 0.18 0.97 0.20  14 0.94 0.17 0.98 0.19 
18 1.09 0.26 1.09 0.26  18 1.13 0.27 1.15 0.28 
22 1.15 0.33 1.15 0.37  22 1.14 0.32 1.14 0.36 
26 1.11 0.50 1.11 0.50  26 1.11 0.49 1.11 0.49 






































 for 220 PP MLE, 120 knots: This plot demonstrates the shape and 
values of the trials of the test wing for evaluation of similarity. 
Figure E-av-2. C
D
 for 220 PP MLE, 120 knots: This plot demonstrates the shape and 










































Statistics: Treatment - 220 PP MLE, 120 Knots 
 CL CD 
N Valid 19 19 
Missing 0 0 
Mean .658128 .110927 
Std. Error of Mean .0780186 .0218766 
Median .704061 .088304 
Mode .3453 .0139a 
Std. Deviation .3400753 .0953579 
Variance .116 .009 
Skewness -.097 .757 
Kurtosis -1.335 -.841 
Range .9776 .2783 
Minimum .1422 .0139 
Maximum 1.1197 .2922 
Sum 12.5044 2.1076 






Case Processing Summary: Treatment - 220 PP MLE, 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 19 100.0% 0 0.0% 19 100.0% 






Tests of Normality: Treatment - 220 PP MLE, 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .128 19 .200
* .921 19 .118 
CD .188 19 .075 .862 19 .011 











ANOVA: Treatment - 220 PP MLE, 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .011 2 .006 .043 .958 
Within Groups 2.071 16 .129   
Total 2.082 18    
CD 
Between Groups .002 2 .001 .109 .897 
Within Groups .161 16 .010   






Robust Tests of Equality of Means: Treatment - 220 PP MLE, 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .040 2 10.580 .961 
CD Welch .100 2 10.618 .906 
a. Asymptotically F distributed. 
 
Table E-av-11           
          
Average of Treatment -220 PP MLE 120 Knot Runs to be Used for Comparison 
AOA CL CD        
-2 0.16 0.03        
2 0.36 0.04        
6 0.55 0.07        
10 0.73 0.11        
14 0.93 0.18        
18 1.11 0.27        
22 1.14 0.32        
26 1.11 0.50        














 average for 220 PP MLE, 120 knots: This plot demonstrates the 
shape and average values of the trials of the test wing.  
Figure E-av-4. C
D
 average for 220 PP MLE, 120 knots: This plot demonstrates the 


































Table E-aw-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      140 knots   
          
run 1         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.1 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     54.15 psi     
Reynolds number (Re)      1E+06       
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     54.26 psi     


























Table E-aw-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 15.4 25.9 19.4 48.5  -2 14.5 24.9 14.4 26.1 
2 31.2 32.4 33.6 32.6  2 31.8 28.1 31.4 29.6 
6 49.6 50.2 55.4 57.7  6 52.5 46 50.2 43.9 
10 72 81.4 72 78.8  10 72 67.8 76.4 74.9 
14 95.8 123.6 95.8 123.6  14 95.5 109.9 91.6 102 
18      18 102 151 102 151 
22      22     
26      26     
30           30         
           
           
           
Table E-aw-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.18 0.03 0.22 0.06  -2 0.17 0.03 0.17 0.03 
2 0.34 0.04 0.36 0.04  2 0.34 0.04 0.34 0.04 
6 0.52 0.07 0.58 0.09  6 0.55 0.07 0.53 0.06 
10 0.74 0.13 0.74 0.13  10 0.74 0.11 0.78 0.13 
14 0.98 0.23 0.98 0.23  14 0.97 0.21 0.94 0.19 
18      18 1.04 0.30 1.04 0.30 
22      22     
26      26     

















 for 220 PP MLE, 140 knots: This plot demonstrates the shape and 
values of the trials of the test wing for evaluation of similarity. 
Figure E-aw-2. C
D
 for 220 PP MLE, 140 knots: This plot demonstrates the shape and 






































Statistics: Treatment - 220 PP MLE, 140 Knots 
 CL CD 
N Valid 11 11 
Missing 0 0 
Mean .600859 .097557 
Std. Error of Mean .0967944 .0275709 
Median .551259 .054818 
Mode .1725a .0156a 
Std. Deviation .3210307 .0914422 
Variance .103 .008 
Skewness .058 1.011 
Kurtosis -1.487 -.207 
Range .8722 .2640 
Minimum .1725 .0156 
Maximum 1.0447 .2796 
Sum 6.6094 1.0731 






Case Processing Summary: Treatment - 220 PP MLE, 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 11 100.0% 0 0.0% 11 100.0% 






Tests of Normality: Treatment - 220 PP MLE, 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .154 11 .200
* .917 11 .292 
CD .225 11 .124 .850 11 .043 
*. This is a lower bound of the true significance. 












ANOVA: Treatment - 220 PP MLE, 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .020 1 .020 .178 .683 
Within Groups 1.011 9 .112   
Total 1.031 10    
CD 
Between Groups .001 1 .001 .148 .709 
Within Groups .082 9 .009   






Robust Tests of Equality of Means: Treatment - 220 PP MLE, 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .182 1 8.879 .680 
CD Welch .156 1 8.975 .702 
a. Asymptotically F distributed. 
 
 
Table E-aw-11           
          
Average of Treatment -220 PP MLE 140 Knot Runs to be Used for Comparison 
AOA CL CD        
-2 0.18 0.03        
2 0.34 0.04        
6 0.53 0.07        
10 0.74 0.12        
14 0.98 0.22        
18          
22          
26          


















 average for 220 PP MLE, 140 knots: This plot demonstrates the 

























210 PP MLE 140 Knots Ave CD
Figure E-aw-4. C
D
 average for 220 PP MLE, 140 knots: This plot demonstrates the 









Table E-ax-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  .0002    
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      60 knots   
          
run 1         
Temperature         78 °F 537.7 °R 
Atmospheric Pressure     25.09 in. Hg 12.32 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     9.886 psi     
Reynolds number (Re)      570000     
          
run 2         
Temperature         78 °F 537.7 °R 
Atmospheric Pressure     25.09 in. Hg 12.32 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     9.886 psi     



























Table E-ax-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 3.6 8.3 3.8 9  -2 3.1 6.8 4 7.8 
2 6.4 7.3 7.2 9  2 5.8 5.8 7.8 8.2 
6 9.6 8.9 10.9 11.7  6 9.1 7.5 11.3 11 
10 13 13 15 17  10 12.2 11.5 15.2 16.4 
14 16.2 20 18.6 24.8  14 15.1 17.9 18.5 23.7 
18 18.7 29.7 19.8 33.4  18 18 28.2 19.4 31.5 
22 20 38.3 19.6 41  22 19.5 37.9 19.4 38.4 
26 19.6 54.4 15.1 68.2  26 20 49.9 15.1 66.1 




Table E-ax-3            
           











AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.35 0.06 0.36 0.07  -2 0.32 0.05 0.37 0.06 
2 0.50 0.06 0.54 0.07  2 0.47 0.05 0.58 0.06 
6 0.67 0.07 0.75 0.08  6 0.65 0.06 0.77 0.08 
10 0.86 0.09 0.97 0.12  10 0.82 0.08 0.98 0.12 
14 1.03 0.14 1.16 0.17  14 0.97 0.12 1.16 0.16 
18 1.17 0.20 1.23 0.23  18 1.13 0.19 1.21 0.22 
22 1.24 0.26 1.22 0.28  22 1.21 0.26 1.21 0.26 
26 1.22 0.36 0.97 0.44  26 1.24 0.33 0.97 0.43 














 for treatment 220 PP MLE AZ, 60 knots: This plot demonstrates 
the shape and values of the trials of the test wing for evaluation of similarity. 
Figure E-ax-2. C
D
 for treatment 220 PP MLE AZ, 60 knots: This plot demonstrates 






































Statistics: Treatment - 220 PP MLE AZ, 60 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .883110 .179460 
Std. Error of Mean .0748541 .0380847 
Median .992479 .118131 
Mode 1.0333a .0329a 
Std. Deviation .3175790 .1615798 
Variance .101 .026 
Skewness -.555 1.180 
Kurtosis -1.084 .489 
Range .9191 .4970 
Minimum .3209 .0329 
Maximum 1.2399 .5299 
Sum 15.8960 3.2303 






Case Processing Summary: Treatment - 220 PP MLE AZ, 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 220 PP MLE AZ, 60 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .168 18 .197 .897 18 .051 
CD .187 18 .096 .829 18 .004 
*. This is a lower bound of the true significance. 












ANOVA: Treatment - 220 PP MLE AZ, 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .004 1 .004 .034 .856 
Within Groups 1.711 16 .107   
Total 1.715 17    
CD 
Between Groups .001 1 .001 .018 .894 
Within Groups .443 16 .028   






Robust Tests of Equality of Means: Treatment - 220 PP MLE AZ, 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .034 1 15.996 .856 
CD Welch .018 1 16.000 .894 
a. Asymptotically F distributed. 
 
 
Table E-ax-9    
   
Average of Treatment - 220 PP MLE AZ, 60 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.33 0.06   
2 0.48 0.05   
6 0.66 0.06   
10 0.84 0.09   
14 1.00 0.13   
18 1.15 0.20   
22 1.23 0.26   
26 1.23 0.35   



















 average for treatment 220 PP MLE AZ, 60 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-ax-4. C
D
 average for treatment 220 PP MLE AZ, 60 knots: This plot 


































Table E-ay-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  .0002    
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         72 °F 531.7 °R 
Atmospheric Pressure     24.98 in. Hg 12.27 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.7 psi     
Reynolds number (Re)      760000       
          
run 2         
Temperature         74 °F 533.7 °R 
Atmospheric Pressure     24.99 in. Hg 12.27 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.64 psi     
























Table E-ay-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 5.3 14.6 5.8 14.9  -2 5.1 13.8 5.5 13.9 
2 10.9 12.4 12.2 13.5  2 11.4 11.5 11.7 12.3 
6 17.2 15.9 18 17.5  6 17.5 15.5 17.9 16.7 
10 23 23.5 24.6 26.9  10 23 24.2 23.7 24.7 
14 29.5 36.8 29.8 37.3  14 28.6 35.6 29.9 37.3 
18 34.3 51 34.9 54  18 33.7 50.5 34.6 53.3 
22 36.3 68.9 36.7 71.2  22 35.8 67.1 36.3 71.7 
26 38.2 88.1 31.4 115.5  26 38.5 89.7 31.9 112.4 
30 36.7 132.3 36.7 132.3   30 30.8 136.6 30.8 136.6 
           
  
 
         
Table E-ay-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.25 0.06 0.26 0.06  -2 0.24 0.05 0.25 0.05 
2 0.42 0.05 0.46 0.05  2 0.43 0.05 0.44 0.05 
6 0.61 0.06 0.63 0.07  6 0.62 0.06 0.63 0.07 
10 0.78 0.09 0.83 0.11  10 0.79 0.10 0.81 0.10 
14 0.98 0.15 0.99 0.15  14 0.96 0.14 1.00 0.15 
18 1.13 0.21 1.15 0.22  18 1.11 0.20 1.14 0.22 
22 1.19 0.28 1.20 0.29  22 1.18 0.27 1.19 0.29 
26 1.25 0.36 1.04 0.45  26 1.26 0.37 1.06 0.44 


















 for treatment 220 PP MLE AZ, 80 knots: This plot demonstrates 

















 for treatment 220 PP MLE AZ, 80 knots: This plot demonstrates 
























Statistics: Treatment - 220 PP MLE AZ, 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .855824 .184836 
Std. Error of Mean .0826473 .0380894 
Median .969268 .130986 
Mode .2408a .0331a 
Std. Deviation .3506427 .1615995 
Variance .123 .026 
Skewness -.567 1.030 
Kurtosis -1.090 .058 
Range 1.0182 .4881 
Minimum .2408 .0331 
Maximum 1.2590 .5212 
Sum 15.4048 3.3270 






Case Processing Summary: Treatment - 220 PP MLE AZ, 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 220 PP MLE AZ, 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .169 18 .186 .894 18 .044 
CD .181 18 .121 .846 18 .007 
*. This is a lower bound of the true significance. 












ANOVA: Treatment - 220 PP MLE AZ, 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .002 1 .002 .015 .904 
Within Groups 2.088 16 .131   
Total 2.090 17    
CD 
Between Groups .000 1 .000 .000 .991 
Within Groups .444 16 .028   






Robust Tests of Equality of Means: Treatment - 220 PP MLE AZ, 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .015 1 15.953 .904 
CD Welch .000 1 15.999 .991 
a. Asymptotically F distributed. 
 
 
Table E-ay-9    
   
Average of Treatment - 220 PP MLE AZ, 80 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.24 0.05   
2 0.42 0.05   
6 0.61 0.06   
10 0.79 0.09   
14 0.97 0.14   
18 1.12 0.21   
22 1.18 0.28   
26 1.25 0.36   




















 average for treatment 220 PP MLE AZ, 80 knots: This plot demonstrates 













220 PP MLE AZ 80 Knots Ave CL
Figure E-ay-4. C
D
 average for treatment 220 PP MLE AZ, 80 knots: This plot 





















Table E-az-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-
ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     24.96 in. Hg 12.26 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.47 psi     
Reynolds number (Re)      950000     
          
run 2         
Temperature         76 °F 535.7 °R 
Atmospheric Pressure     24.96 in. Hg 12.26 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.42 psi     























Table E-az-2            
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 7 24.3 8.4 23.1  -2 6.9 24.9 9 23.9 
2 16.8 18.3 17.2 20.3  2 16.9 19.3 17.2 22.7 
6 24.3 22.9 27.8 27.6  6 25.2 25.6 27.5 28.3 
10 33.2 34.5 36.7 39.6  10 32.9 35.7 37.2 41.1 
14 44.1 53.6 46.8 58.6  14 43.6 53.6 45.6 56.4 
18 53 75.8 53.7 79  18 54.3 79.9 54.2 80.9 
22 59.4 102.5 55.6 104.8  22 59.8 101.7 60.1 114.6 
26 60.4 131.7 49.9 169.8  26 61.2 133.6 45.3 170.4 
30 55.6 200.6 55.6 200.6   30 54.7 192.6 54.7 192.6 
 
           
           
Table E-az-3            
           










AOA CL CD CL CD   AOA CL CD CL CD 
-2 0.19 0.06 0.22 0.05   -2 0.19 0.06 0.23 0.06 
2 0.38 0.05 0.39 0.05  2 0.39 0.05 0.39 0.06 
6 0.53 0.06 0.60 0.07  6 0.55 0.07 0.59 0.07 
10 0.70 0.09 0.77 0.11  10 0.70 0.09 0.78 0.11 
14 0.92 0.15 0.97 0.16  14 0.91 0.15 0.95 0.16 
18 1.09 0.22 1.11 0.23  18 1.12 0.23 1.12 0.23 
22 1.22 0.30 1.14 0.30  22 1.23 0.30 1.23 0.34 
26 1.24 0.39 1.03 0.47  26 1.25 0.40 0.94 0.46 

















 for treatment 220 PP MLE AZ, 100 knots: This plot demonstrates 

















 for treatment 220 PP MLE AZ, 100 knots: This plot demonstrates 
























Statistics: Treatment - 220 PP MLE AZ, 100 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .822381 .197656 
Std. Error of Mean .0879220 .0414584 
Median .913782 .132174 
Mode .1902a .0320a 
Std. Deviation .3730215 .1758933 
Variance .139 .031 
Skewness -.460 .946 
Kurtosis -1.282 -.231 
Range 1.0646 .5331 
Minimum .1902 .0320 
Maximum 1.2548 .5652 
Sum 14.8029 3.5578 






Case Processing Summary: Treatment - 220 PP MLE AZ, 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 220 PP MLE AZ, 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .210 18 .036 .888 18 .035 
CD .201 18 .054 .851 18 .009 













ANOVA: Treatment - 220 PP MLE AZ, 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .006 .940 
Within Groups 2.365 16 .148   
Total 2.365 17    
CD 
Between Groups .000 1 .000 .004 .953 
Within Groups .526 16 .033   







Robust Tests of Equality of Means: Treatment - 220 PP MLE AZ, 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .006 1 15.984 .940 
CD Welch .004 1 15.993 .953 
a. Asymptotically F distributed. 
 
 
Table E-az-9    
   
Average of Treatment - 220 PP MLE AZ, 100 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.19 0.06   
2 0.38 0.05   
6 0.54 0.06   
10 0.70 0.09   
14 0.91 0.15   
18 1.11 0.22   
22 1.22 0.30   
26 1.25 0.39   

















 average for treatment 220 PP MLE AZ, 100 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-az-4. C
D
 average for treatment 220 PP MLE AZ, 100 knots: This 




































Table E-ba-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         76 °F 535.7 °R 
Atmospheric Pressure     24.8 in. Hg 12.18 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     39.23 psi     
Reynolds number (Re)      1140000     
          
run 2         
Temperature         78 °F 537.7 °R 
Atmospheric Pressure     24.8 in. Hg 12.18 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     39.09 psi     























Table E-ba-2            
           










AOA      Lift Drag Lift Drag   AOA  Lift Drag Lift Drag 
-2 11.1 38.1 12.2 39.0  -2 10.0 37.5 12.1 37.6 
2 23.9 30.2 25.9 49.0  2 23.4 30.1 23.6 32.1 
6 36.5 37.4 39.4 43.6  6 35.2 36.5 40.4 40.3 
10 50.4 53.6 53.9 59.9  10 47.2 49.3 54.5 57.4 
14 65.2 78.2 69.9 87.0  14 63.9 74.0 69.0 84.7 
18 71.0 115.7 79.0 121.0  18 72.4 110.9 76.9 117.9 
22 68.5 157 74.3 167.8  22 68.4 155.4 70.4 160.4 
26 77.0 224.0 77.0 224.0  26 78.0 225.0 78.0 225.0 
30           30         




          
Table E-ba-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.19 0.06 0.21 0.06  -2 0.18 0.06 0.20 0.06 
2 0.37 0.05 0.39 0.09  2 0.36 0.05 0.36 0.06 
6 0.54 0.07 0.58 0.08  6 0.52 0.07 0.59 0.08 
10 0.73 0.11 0.78 0.12  10 0.69 0.10 0.79 0.12 
14 0.93 0.17 1.00 0.19  14 0.92 0.16 0.99 0.19 
18 1.01 0.26 1.12 0.28  18 1.03 0.25 1.10 0.27 
22 0.98 0.34 1.06 0.38  22 0.98 0.34 1.01 0.35 
26 1.09 0.51 1.09 0.51  26 1.11 0.52 1.11 0.52 


















 for treatment 220 PP MLE AZ, 120 knots: This plot demonstrates 















Figure E-ba-2. CD for treatment 220 PP MLE AZ, 120 knots: This plot demonstrates 
























Statistics: Treatment - 220 PP MLE AZ, 120 Knots 
 CL CD 
N Valid 16 24 
Missing 0 0 
Mean .739722 .178518 
Std. Error of Mean .0849852 .0323809 
Median .801818 .112167 
Mode .1761a .0354a 
Std. Deviation .3399406 .1586336 
Variance .116 .025 
Skewness -.330 1.052 
Kurtosis -1.340 .022 
Range 1.0240 .5101 
Minimum .1761 .0354 
Maximum 1.2000 .5454 
Sum 11.8356 4.2844 






Case Processing Summary: Treatment - 220 PP MLE AZ, 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 16 66.7% 8 33.3% 24 100.0% 






Tests of Normality: Treatment - 220 PP MLE AZ, 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .185 16 .145 .922 16 .183 
CD .219 16 .039 .824 16 .006 













ANOVA: Treatment - 220 PP MLE AZ, 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .004 1 .004 .033 .858 
Within Groups 1.729 14 .124   
Total 1.733 15    
CD 
Between Groups .002 2 .001 .033 .968 
Within Groups .577 21 .027   






Robust Tests of Equality of Means: Treatment - 220 PP MLE AZ, 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .033 1 13.968 .858 
CD Welch .032 2 13.911 .969 
a. Asymptotically F distributed. 
 
 
Table E-ba-9    
   
Average of Treatment - 220 PP MLE AZ, 120 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.18 0.06   
2 0.36 0.05   
6 0.53 0.07   
10 0.71 0.10   
14 0.92 0.16   
18 1.02 0.25   
22 0.98 0.34   
26 1.10 0.52   

















 average for treatment - 220 PP MLE AZ, 120 knots: This plot 













220 PP MLE AZ 120 Knots Ave CL
Figure E-ba-4. C
D
 average for treatment - 220 PP MLE AZ, 120 knots: This plot 





















Table E-bb-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  .0002    
Universal gas constant R in psia-
ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      140 knots   
          
run 1         
Temperature         67 °F 526.7 °R 
Atmospheric Pressure     24.9 in. Hg 12.23 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     54.53 psi     
Reynolds number (Re)      1330000     
          
run 2         
Temperature         69 °F 528.7 °R 
Atmospheric Pressure     24.9 in. Hg 12.23 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     54.33 psi     























Table E-bb-2            
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 15.8 55.3 22.0 63.0  -2 15.7 55.8 19.3 55.2 
2 31.5 46.0 34.5 66.4  2 31.4 45.6 38.1 49.6 
6 49.1 54.6 53.9 60.9  6 49.3 54.8 54.1 57.6 
10 69.4 76.0 73.8 81.4  10 69.8 72.2 71.5 75.2 
14 88.5 104.7 93.8 115.6  14 92.2 106.2 95.0 110.9 
18 93.0 169.0 93.0 169.0  18 103.8 140.8 103.8 140.8 
22      22     
26      26     
30           30         
  
 
         
           
Table E-bb-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.18 0.07 0.24 0.08  -2 0.18 0.07 0.22 0.07 
2 0.34 0.06 0.37 0.09  2 0.34 0.06 0.40 0.07 
6 0.51 0.08 0.56 0.09  6 0.52 0.08 0.56 0.08 
10 0.71 0.12 0.76 0.13  10 0.72 0.12 0.74 0.12 
14 0.90 0.19 0.95 0.21  14 0.94 0.20 0.97 0.21 
18 0.94 0.31 0.94 0.31  18 1.05 0.28 1.05 0.28 
22      22     
26      26     
















Figure E-bb-1. CL for treatment - 220 PP MLE AZ, 140 knots: This plot demonstrates 

















 for treatment - 220 PP MLE AZ, 140 knots: This plot demonstrates 

























Statistics: Treatment - 220 PP MLE AZ, 140 Knots 
 CL CD 
N Valid 12 12 
Missing 0 0 
Mean .611696 .117105 
Std. Error of Mean .0894261 .0252488 
Median .613707 .078811 
Mode .1831a .0431a 
Std. Deviation .3097812 .0874645 
Variance .096 .008 
Skewness -.053 1.132 
Kurtosis -1.494 .037 
Range .8719 .2495 
Minimum .1831 .0431 
Maximum 1.0550 .2926 
Sum 7.3403 1.4053 






Case Processing Summary: Treatment - 220 PP MLE AZ, 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 12 100.0% 0 0.0% 12 100.0% 






Tests of Normality: Treatment - 220 PP MLE AZ, 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .157 12 .200
* .921 12 .293 
CD .240 12 .054 .814 12 .014 













ANOVA: Treatment - 220 PP MLE AZ, 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .002 1 .002 .021 .889 
Within Groups 1.053 10 .105   
Total 1.056 11    
CD 
Between Groups .000 1 .000 .008 .930 
Within Groups .084 10 .008   






Robust Tests of Equality of Means: Treatment - 220 PP MLE AZ, 140 Knots 
 Statistica df1 df2 Sig. 
CL Welch .021 1 9.890 .889 
CD Welch .008 1 9.880 .930 
a. Asymptotically F distributed. 
 
 
Table E-bb-9    
   
Average of Treatment - 220 PP MLE AZ, 140 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.18 0.07   
2 0.34 0.06   
6 0.51 0.08   
10 0.72 0.12   
14 0.92 0.19   
18 1.00 0.30   
22     
26     




















 average for treatment 220 PP MLE AZ, 140 knots: This plot 













220 PP MLE AZ 140 Knots Ave CL
Figure E-bb-4. C
D
 average for treatment 220 PP MLE AZ, 140 knots: This plot 






















Table E-bc-1            
           
Constants                  
Kinematic viscosity of air, 
STP@5000'msl  0.0002    
Universal gas constant R in psia-
ft3/slugmole°R 345.2     
MW air in slugs/slugmole  28.97     
           
Variables                  
Airspeed (V)      60 knots    
           
run 1          
Temperature         75 °F 534.7 °R  
Atmospheric Pressure     24.86 in. Hg 12.21 psi    
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3    
Dynamic press. q =.5ρV2     9.851 psi      
Reynolds number (Re)                    570000       
           
run 2          
Temperature         74 °F 533.7 °R  
Atmospheric Pressure     24.86 in. Hg 12.21 psi    
Air density = ρ slugs/ft3 =(MW)P/RT 0.002 slugs/ft3    
Dynamic press. q =.5ρV2     9.869 psi      























Table E-bc-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 3.2 8.5 4.7 8.8  -2 3.0 7.5 4.0 9.1 
2 5.7 6.9 7.9 8.7  2 6.0 5.9 7.6 8.3 
6 9.3 8.8 11.0 11.6  6 9.1 8.3 10.5 10.5 
10 12.4 13.8 14.5 17.3  10 12.1 12.6 14.2 15.6 
14 15.4 20.6 17.5 25.2  14 14.9 18.9 17.2 23.3 
18 17.8 29.0 18.1 31.9  18 17.8 27.9 18.3 31.8 
22 16.6 41.1 17.0 44.0  22 16.8 40.8 16.9 43.4 
26 17.6 57.1 17.6 56.9  26 17.8 55.2 17.2 63.2 
30 17.5 76.3 17.5 76.3   30 18.1 77.7 18.1 77.7 
  
 
         
           
Table E-bc-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.33 0.06 0.41 0.06  -2 0.32 0.06 0.37 0.07 
2 0.46 0.05 0.58 0.06  2 0.48 0.05 0.57 0.06 
6 0.66 0.07 0.75 0.08  6 0.65 0.06 0.72 0.08 
10 0.83 0.10 0.94 0.12  10 0.81 0.09 0.93 0.11 
14 0.99 0.14 1.11 0.17  14 0.96 0.13 1.09 0.16 
18 1.12 0.20 1.14 0.22  18 1.12 0.19 1.15 0.22 
22 1.06 0.27 1.08 0.29  22 1.07 0.27 1.07 0.29 
26 1.11 0.38 1.11 0.38  26 1.12 0.36 1.09 0.41 


















 for treatment - 210 PP MLE FZ, 60 knots: This plot demonstrates 

















 for treatment 210 PP MLE FZ, 60 knots: This plot demonstrates 
























Statistics: Treatment - 220 PP MLE FZ, 60 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .852761 .181082 
Std. Error of Mean .0697877 .0366471 
Median .978795 .123193 
Mode 1.1222 .0336a 
Std. Deviation .2960841 .1554805 
Variance .088 .024 
Skewness -.730 .976 
Kurtosis -.989 -.233 
Range .8226 .4648 
Minimum .3160 .0336 
Maximum 1.1386 .4984 
Sum 15.3497 3.2595 






Case Processing Summary: Treatment - 220 PP MLE FZ, 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 220 PP MLE FZ, 60 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .202 18 .050 .842 18 .006 
CD .187 18 .096 .846 18 .007 













ANOVA: Treatment - 220 PP MLE FZ, 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .995 
Within Groups 1.490 16 .093   
Total 1.490 17    
CD 
Between Groups .000 1 .000 .005 .946 
Within Groups .411 16 .026   






Robust Tests of Equality of Means: Treatment - 220 PP MLE FZ, 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 15.996 .995 
CD Welch .005 1 15.993 .946 
a. Asymptotically F distributed. 
 
 
Table E-bc-9    
   
Average of Treatment - 220 PP MLE FZ, 60 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.32 0.06   
2 0.47 0.05   
6 0.65 0.06   
10 0.82 0.09   
14 0.98 0.14   
18 1.12 0.19   
22 1.06 0.27   
26 1.12 0.37   

















 average for treatment - 210 PP MLE FZ, 60 knots: This plot 













220 PP MLE FZ 60 Knots Ave CL
Figure E-bc-4. C
D
 average for treatment - 210 PP MLE FZ, 60 knots: This plot 





















Table E-bd-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         67 °F 526.7 °R 
Atmospheric Pressure     25.06 in. Hg 12.31 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.92 psi     
Reynolds number (Re)      760000     
          
run 2         
Temperature         67 °F 526.7 °R 
Atmospheric Pressure     25.06 in. Hg 12.31 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.92 psi     


























Table E-bd-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 5.5 14.7 6.7 16.0  -2 5.0 15.6 5.5 16.9 
2 10.3 12.2 12.4 13.7  2 9.9 12.4 11.4 13.4 
6 16.7 16.2 18.1 17.5  6 15.9 15.8 17.9 17.9 
10 23.5 24.7 24.6 25.0  10 22.6 23.7 24.8 26.1 
14 30.2 37.3 31.0 37.2  14 29.6 37.0 31.3 39.8 
18 34.5 52.5 34.8 53.1  18 34.2 53.3 34.2 55.8 
22 31.8 73.6 31.7 72.7  22 31.2 75.3 31.4 76.0 
26 33.4 102.2 33.2 97.5  26 32.5 98.8 33.3 102.0 
30 35.7 131.0 35.7 131.0   30 34.8 128.0 34.8 128.0 
 
           
           
Table E-bd-3            
           











AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.25 0.05 0.29 0.06  -2 0.23 0.06 0.25 0.06 
2 0.39 0.05 0.46 0.05  2 0.38 0.05 0.43 0.05 
6 0.59 0.06 0.63 0.07  6 0.56 0.06 0.62 0.07 
10 0.79 0.10 0.82 0.10  10 0.76 0.09 0.83 0.10 
14 0.99 0.15 1.01 0.15  14 0.97 0.15 1.02 0.16 
18 1.12 0.21 1.13 0.21  18 1.11 0.21 1.11 0.22 
22 1.04 0.29 1.04 0.28  22 1.02 0.29 1.03 0.29 
26 1.09 0.40 1.08 0.38  26 1.06 0.38 1.08 0.40 


















 for treatment - 210 PP MLE FZ, 80 knots: This plot demonstrates 

















 for treatment - 210 PP MLE FZ, 80 knots: This plot demonstrates 
























Statistics: Treatment - 220 PP MLE FZ, 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .812838 .188474 
Std. Error of Mean .0770834 .0378649 
Median .981005 .133349 
Mode .2340a .0348a 
Std. Deviation .3270373 .1606472 
Variance .107 .026 
Skewness -.689 .857 
Kurtosis -1.111 -.541 
Range .9210 .4709 
Minimum .2340 .0348 
Maximum 1.1550 .5057 
Sum 14.6311 3.3925 






Case Processing Summary: Treatment - 220 PP MLE FZ, 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 220 PP MLE FZ, 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .242 18 .006 .852 18 .009 
CD .189 18 .090 .854 18 .010 













ANOVA: Treatment - 220 PP MLE FZ, 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .002 1 .002 .015 .903 
Within Groups 1.816 16 .114   
Total 1.818 17    
CD 
Between Groups .000 1 .000 .001 .972 
Within Groups .439 16 .027   






Robust Tests of Equality of Means: Treatment - 220 PP MLE FZ, 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .015 1 16.000 .903 
CD Welch .001 1 15.986 .972 
a. Asymptotically F distributed. 
 
 
Table E-bd-9    
   
Average of Treatment - 220 PP MLE FZ, 80 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.24 0.06   
2 0.39 0.05   
6 0.57 0.06   
10 0.78 0.09   
14 0.98 0.15   
18 1.11 0.21   
22 1.03 0.29   
26 1.07 0.39   

















 average for treatment 210 PP MLE FZ, 80 knots: This plot 













220 PP MLE FZ 80 Knots Ave CL
Figure E-bd-4. C
D
 average for treatment 210 PP MLE FZ, 80 knots: This plot 





















Table E-be-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         67 °F 526.7 °R 
Atmospheric Pressure     25.09 in. Hg 12.32 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     28.04 psi     
Reynolds number (Re)      950000     
          
run 2         
Temperature         68 °F 527.7 °R 
Atmospheric Pressure     25.1 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.99 psi     


























Table E-be-2            
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 7.9 27.4 10.3 26.6  -2 7.3 28.6 10.1 26.6 
2 16.2 21.2 18.8 22.6  2 14.9 21.2 17.9 21.9 
6 25.9 26.2 28.2 28.3  6 25.7 25.0 28.4 28.4 
10 36.7 39.2 38.4 41.7  10 36.1 36.8 40.1 43.4 
14 48.1 58.9 47.9 59.4  14 46.4 53.8 49.9 62.4 
18 54.0 82.3 54.2 85.2  18 54.2 81.4 54.3 84.3 
22 49.2 118.9 49.4 110.4  22 49.1 116.3 49.6 115.3 
26 50.5 153.6 51.7 163.5  26 52.2 159.7 51.9 163.7 
30 55.3 201.6 55.3 201.6   30 54.7 190.7 54.7 190.7 
           
 
 
          
Table E-be-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.21 0.06 0.25 0.06  -2 0.19 0.07 0.25 0.06 
2 0.36 0.05 0.41 0.06  2 0.34 0.05 0.40 0.05 
6 0.55 0.07 0.59 0.07  6 0.55 0.06 0.60 0.07 
10 0.76 0.10 0.79 0.11  10 0.75 0.10 0.82 0.12 
14 0.98 0.16 0.97 0.16  14 0.94 0.15 1.01 0.17 
18 1.09 0.23 1.09 0.24  18 1.09 0.23 1.10 0.24 
22 1.00 0.32 1.00 0.30  22 1.00 0.32 1.01 0.32 
26 1.02 0.42 1.05 0.45  26 1.06 0.44 1.05 0.45 
















 for treatment - 210 PP MLE FZ, 100 knots: This plot demonstrates 

















 for treatment - 210 PP MLE FZ, 100 knots: This plot demonstrates 
























Statistics: Treatment - 220 PP MLE FZ, 100 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .783438 .206646 
Std. Error of Mean .0778562 .0420088 
Median .960523 .139573 
Mode .1940a .0376a 
Std. Deviation .3303161 .1782283 
Variance .109 .032 
Skewness -.720 .833 
Kurtosis -1.051 -.683 
Range .9202 .5180 
Minimum .1940 .0376 
Maximum 1.1142 .5556 
Sum 14.1019 3.7196 






Case Processing Summary: Treatment - 220 PP MLE FZ, 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 220 PP MLE FZ, 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .243 18 .006 .845 18 .007 
CD .192 18 .078 .850 18 .008 














ANOVA: Treatment - 220 PP MLE FZ, 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .001 .972 
Within Groups 1.855 16 .116   
Total 1.855 17    
CD 
Between Groups .000 1 .000 .000 .987 
Within Groups .540 16 .034   






Robust Tests of Equality of Means: Treatment - 220 PP MLE FZ, 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .001 1 15.993 .972 
CD Welch .000 1 15.999 .987 
a. Asymptotically F distributed. 
 
 
Table E-be-9    
   
Average of Treatment - 220 PP MLE FZ, 100 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.20 0.06   
2 0.35 0.05   
6 0.55 0.06   
10 0.75 0.10   
14 0.96 0.15   
18 1.09 0.23   
22 1.00 0.32   
26 1.04 0.43   
















 average for treatment - 210 PP MLE FZ, 100 knots: This 













220 PP MLE FZ 100 Knots Ave CL
Figure E-be-4. C
D
 average for treatment - 210 PP MLE FZ, 100 knots: This plot 





















Table E-bf-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         70 °F 529.7 °R 
Atmospheric Pressure     25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     40.24 psi     
Reynolds number (Re)    1140000     
          
run 2         
Temperature         70 °F 529.7 °R 
Atmospheric Pressure     25.16 in. Hg 12.36 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     40.25 psi     
























Table E-bf-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 10.6 43.0 9.4 48.3  -2 10.2 44.3 14.2 41.7 
2 24.1 30.3 23.3 32.3  2 25.9 31.3 26.8 32.9 
6 38.5 38.0 39.4 39.8  6 40.8 39.8 40.3 41.0 
10 52.0 53.5 53.1 52.8  10 56.0 57.4 53.9 55.0 
14 68.5 79.0 67.6 78.9  14 69.4 80.0 69.5 82.5 
18 79.0 113.2 78.2 107.3  18 78.8 114.7 80.8 115.5 
22 71.2 151.0 70.2 157.7  22 72.5 162.5 72.7 156.0 
26 75.0 225.0 75.6 216.0  26 77.9 229.5 79.3 226.1 
30 80.0 248.0 80.0 248.0   30 80.6 245.1 80.6 245.1 
 
 
          
           
Table E-bf-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.18 0.07 0.16 0.08  -2 0.17 0.07 0.23 0.07 
2 0.36 0.05 0.35 0.06  2 0.38 0.05 0.40 0.06 
6 0.55 0.07 0.56 0.07  6 0.58 0.07 0.58 0.08 
10 0.73 0.11 0.75 0.10  10 0.79 0.12 0.76 0.11 
14 0.95 0.17 0.94 0.17  14 0.96 0.17 0.97 0.18 
18 1.09 0.26 1.08 0.24  18 1.09 0.26 1.12 0.27 
22 0.99 0.33 0.98 0.34  22 1.01 0.35 1.01 0.34 
26 1.04 0.50 1.05 0.48  26 1.08 0.51 1.10 0.51 


















 for treatment - 210 PP MLE FZ, 120 knots: This plot demonstrates 

















 for treatment - 210 PP MLE FZ, 120 knots: This plot demonstrates 
























Statistics: Treatment - 220 PP MLE FZ, 120 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .787717 .223300 
Std. Error of Mean .0784186 .0445785 
Median .958486 .153989 
Mode .1736a .0372a 
Std. Deviation .3327018 .1891304 
Variance .111 .036 
Skewness -.776 .741 
Kurtosis -.875 -.974 
Range .9403 .5162 
Minimum .1736 .0372 
Maximum 1.1139 .5534 
Sum 14.1789 4.0194 






Case Processing Summary: Treatment - 220 PP MLE FZ, 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 220 PP MLE FZ, 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .246 18 .005 .848 18 .008 
CD .196 18 .067 .842 18 .006 













ANOVA: Treatment - 220 PP MLE FZ, 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .002 1 .002 .014 .907 
Within Groups 1.880 16 .118   
Total 1.882 17    
CD 
Between Groups .000 1 .000 .006 .937 
Within Groups .608 16 .038   






Robust Tests of Equality of Means: Treatment - 220 PP MLE FZ, 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .014 1 16.000 .907 
CD Welch .006 1 15.998 .937 
a. Asymptotically F distributed. 
 
 
Table E-bf-9    
   
Average of Treatment - 220 PP MLE FZ, 100 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.18 0.07   
2 0.37 0.05   
6 0.57 0.07   
10 0.76 0.11   
14 0.96 0.17   
18 1.09 0.26   
22 1.00 0.34   
26 1.06 0.51   


















 average for treatment - 210 PP MLE FZ, 120 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-bf-4. C
D
 average for treatment - 210 PP MLE FZ, 120 knots: This plot 



































Table E-bg-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      140 knots   
          
run 1         
Temperature         70 °F 529.7 °R 
Atmospheric Pressure     25.16 in. Hg 12.36 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     54.79 psi     
Reynolds number (Re)    1330000     
          
run 2         
Temperature         71 °F 530.7 °R 
Atmospheric Pressure     25.2 in. Hg 12.38 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     54.77 psi     

























Table E-bg-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 14.6 60.0 13.7 71.4  -2 16.6 55.5 15.7 51.5 
2 29.4 43.3 36.9 47.2  2 30.3 44.5 28.1 51.4 
6 52.3 51.8 51.5 54.0  6 52.3 56.0 48.2 53.5 
10 70.9 70.4 73.2 73.6  10 74.4 77.9 75.1 78.1 
14 94.1 104.2 96.3 109.1  14 91.9 106.9 93.6 107.6 
18 106.4 146.1 108.8 139.7  18 103.2 152.1 107.1 151.0 
22 102.0 200.0 102.0 200.0  22 91.0 216.0 91.0 216.0 
26      26     
30           30         
           
 
 
          
Table E-bg-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.17 0.07 0.16 0.08  -2 0.19 0.07 0.18 0.06 
2 0.32 0.06 0.39 0.06  2 0.32 0.06 0.30 0.06 
6 0.54 0.08 0.53 0.08  6 0.54 0.08 0.50 0.08 
10 0.72 0.11 0.75 0.12  10 0.76 0.13 0.76 0.13 
14 0.95 0.19 0.97 0.21  14 0.93 0.20 0.95 0.20 
18 1.07 0.29 1.10 0.29  18 1.04 0.30 1.08 0.31 
22 1.03 0.39 1.03 0.39  22 0.92 0.39 0.92 0.39 
26      26     















 for treatment - 210 PP MLE FZ, 140 knots: This plot demonstrates 
the shape and values of the trials of the test wing for evaluation of similarity. 
Figure E-bg-2. C
D
 for treatment - 210 PP MLE FZ, 140 knots: This plot demonstrates 






































Statistics: Treatment - 220 PP MLE FZ, 140 Knots 
 CL CD 
N Valid 14 14 
Missing 0 0 
Mean .680394 .154289 
Std. Error of Mean .0882750 .0329151 
Median .740474 .101055 
Mode .1707a .0394a 
Std. Deviation .3302948 .1231571 
Variance .109 .015 
Skewness -.351 .847 
Kurtosis -1.456 -.788 
Range .9204 .3336 
Minimum .1707 .0394 
Maximum 1.0912 .3730 
Sum 9.5255 2.1601 




Table E-bg-5  
 
Case Processing Summary: Treatment - 220 PP MLE FZ, 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 14 100.0% 0 0.0% 14 100.0% 






Tests of Normality: Treatment - 220 PP MLE FZ, 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .195 14 .155 .900 14 .115 
CD .217 14 .073 .830 14 .012 















ANOVA: Treatment - 220 PP MLE FZ, 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .008 .929 
Within Groups 1.417 12 .118   
Total 1.418 13    
CD 
Between Groups .000 1 .000 .002 .963 
Within Groups .197 12 .016   






Robust Tests of Equality of Means: Treatment - 220 PP MLE FZ, 140 Knots 
 Statistica df1 df2 Sig. 
CL Welch .008 1 11.891 .929 
CD Welch .002 1 12.000 .963 




Table E-bg-9    
   
Average of Treatment - 220 PP MLE FZ, 140 Knot Runs to be Used for 
Comparison 
AOA CL CD   
-2 0.18 0.07   
2 0.32 0.06   
6 0.54 0.08   
10 0.74 0.12   
14 0.94 0.19   
18 1.06 0.30   
22 0.97 0.39   
26     















 average for treatment - 210 PP MLE FZ, 140 knots: This 
plot demonstrates the shape and average values of the trials of the test wing.  
Figure E-bg-4. C
D
 average for treatment - 210 PP MLE FZ, 140 knots: This 


































Table E-bh-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      60 knots   
          
run 1         
Temperature         72 °F 531.7 °R 
Atmospheric Pressure     25.21 in. Hg 12.38 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     10.05 psi     
Reynolds number (Re)      570000     
          
run 2         
Temperature         72 °F 531.7 °R 
Atmospheric Pressure     25.21 in. Hg 12.38 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     10.05 psi     























Table E-bh-2           
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 1.8 5.5 2.0 5.7  -2 2.3 6.5 3.6 7.4 
2 4.9 5.7 5.9 7.0  2 5.5 6.9 7.1 9.0 
6 8.2 8.7 9.5 10.4  6 9.2 10.5 10.5 12.3 
10 11.6 13.1 13.6 16.0  10 12.8 15.5 14.0 17.4 
14 15.3 20.0 17.2 23.6  14 16.2 21.8 17.9 25.8 
18 18.4 28.6 14.1 38.5  18 19.2 30.1 15.0 40.6 
22 15.5 45.1 15.8 46.9  22 16.1 46.4 16.6 48.4 
26 17.6 53.1 19.1 63.9  26 18.6 55.6 18.7 56.4 
30 19.5 74.7 19.5 74.7   30 20.3 77.4 20.3 77.4 
 
           
           
Table E-bh-3           
           










AOA  CL CD CL CD  AOA CL CD CL CD 
-2 0.25 0.04 0.26 0.04  -2 0.27 0.05 0.34 0.05 
2 0.41 0.05 0.47 0.05  2 0.44 0.05 0.53 0.07 
6 0.59 0.06 0.66 0.07  6 0.64 0.07 0.71 0.09 
10 0.77 0.09 0.88 0.11  10 0.83 0.11 0.90 0.12 
14 0.97 0.14 1.07 0.16  14 1.02 0.15 1.11 0.17 
18 1.13 0.19 0.90 0.25  18 1.18 0.20 0.95 0.26 
22 0.98 0.29 1.00 0.30  22 1.01 0.30 1.04 0.31 
26 1.09 0.34 1.17 0.42  26 1.15 0.36 1.15 0.37 















 for treatment - 210 PP MLE S, 60 knots: This plot demonstrates 



































Statistics: Treatment - 210 PP MLE S, 60 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .842636 .181333 
Std. Error of Mean .0778983 .0360999 
Median .974057 .128498 
Mode .2462a .0299a 
Std. Deviation .3304946 .1531587 
Variance .109 .023 
Skewness -.624 .871 
Kurtosis -1.007 -.406 
Range .9901 .4638 
Minimum .2462 .0299 
Maximum 1.2363 .4937 
Sum 15.1675 3.2640 






Case Processing Summary: Treatment - 210 PP MLE S, 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 





Tests of Normality: Treatment - 210 PP MLE S, 60 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .204 18 .046 .897 18 .051 
CD .176 18 .146 .868 18 .017 






 for treatment - 210 PP MLE S, 60 knots: This plot demonstrates 











ANOVA: Treatment - 210 PP MLE S, 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .009 1 .009 .075 .787 
Within Groups 1.848 16 .116   
Total 1.857 17    
CD 
Between Groups .001 1 .001 .026 .874 
Within Groups .398 16 .025   






Robust Tests of Equality of Means: Treatment - 210 PP MLE S, 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .075 1 15.997 .787 
CD Welch .026 1 15.993 .874 
a. Asymptotically F distributed. 
 
 
Table E-bh-9    
   
Average of Treatment - 210 PP MLE S, 60 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.26 0.05   
2 0.43 0.05   
6 0.62 0.07   
10 0.80 0.10   
14 0.99 0.14   
18 1.16 0.20   
22 1.00 0.30   
26 1.12 0.35   


















 average for treatment - 210 PP MLE S, 60 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-bm-4. C
D
 average for treatment - 210 PP MLE S, 60 knots: This 



































Table E-bn-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         72 °F 531.7 °R 
Atmospheric Pressure     25.21 in. Hg 12.38 psi   
Air density = ρ slugs/ft3 = (MW)P/RT   0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.86 psi     
Reynolds number (Re)      760000     
          
run 2         
Temperature         72 °F 531.7 °R 
Atmospheric Pressure     25.23 in. Hg 12.39 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.87 psi     


























Table E-bi-2           
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 3.5 10.3 5.8 10.7  -2 3.6 10.7 4.9 11.0 
2 9.3 11.5 11.1 12.7  2 10.4 11.8 11.1 13.3 
6 15.5 16.7 16.7 17.4  6 16.7 17.3 18.0 19.5 
10 22.5 25.5 23.2 25.6  10 23.1 25.9 24.4 27.8 
14 29.3 37.1 39.9 39.3  14 29.8 37.3 32.0 41.0 
18 34.6 49.9 25.8 64.8  18 35.8 51.6 37.4 56.5 
22 28.3 77.8 29.5 81.8  22 28.7 79.6 29.0 80.1 
26 34.7 98.1 35.1 103.8  26 34.4 99.2 33.2 94.6 
30 35.5 120.0 35.5 120.0   30 35.2 120.0 35.2 120.0 
 
 
          
           
Table E-bi-3           
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.19 0.04 0.26 0.04  -2 0.19 0.04 0.23 0.04 
2 0.36 0.05 0.42 0.05  2 0.40 0.05 0.42 0.05 
6 0.55 0.07 0.59 0.07  6 0.59 0.07 0.63 0.08 
10 0.76 0.10 0.78 0.10  10 0.78 0.10 0.82 0.11 
14 0.97 0.15 1.29 0.16  14 0.98 0.15 1.05 0.16 
18 1.13 0.20 0.86 0.25  18 1.16 0.21 1.21 0.23 
22 0.94 0.30 0.97 0.31  22 0.95 0.30 0.96 0.31 
26 1.13 0.39 1.14 0.41  26 1.12 0.39 1.08 0.37 














 for treatment - 210 PP MLE S, 80 knots: This plot demonstrates 
the shape and values of the trials of the test wing for evaluation of similarity. 
Figure E-bi2. C
D
 for treatment - 210 PP MLE S, 80 knots: This plot demonstrates 








































 for treatment - 210 PP MLE S, 60 knots: This plot demonstrates the 
shape and values of the trials of the test wing for evaluation of similarity. 
Figure E-bi-2. C
D
 for treatment - 210 PP MLE S, 60 knots: This plot demonstrates 



































Table E-bi-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 4.3 22 5.6 22.7  -2 4.8 21.2 6.2 22 
2 10.2 18.6 10.9 19.6  2 10 18.7 10.9 20.1 
6 16.1 22 17 23.3  6 16.3 22.9 18 25.2 
10 22.5 29.4 24.1 31.5  10 23.4 31.2 24.2 32.9 
14 29.6 42.3 30.4 42.9  14 29.8 42.2 29.9 44.6 
18 27.5 67.5 27.2 69.4  18 26.4 69.5 27 68.1 
22 30 84.7 29.9 85.5  22 29.2 82.3 30 85.4 
26 33.2 95.2 34.4 99.5  26 33.5 96.9 33.3 96.7 
30 35.2 129.7 35.2 129.7   30 36 123 36 123 
           
 
 
          
Table E-bi-3            
           
Calibration and Coefficient Transformantion 210 PP MLE FZ S, 80 Knots 
Run 1 Inc. AOA Dec. AOA  Run 2 Inc. AOA Dec. AOA 
AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.21 0.08 0.25 0.08  -2 0.23 0.08 0.27 0.08 
2 0.39 0.07 0.41 0.07  2 0.39 0.07 0.41 0.08 
6 0.57 0.08 0.60 0.09  6 0.58 0.09 0.63 0.10 
10 0.76 0.11 0.81 0.12  10 0.79 0.12 0.82 0.13 
14 0.98 0.17 1.00 0.17  14 0.99 0.17 0.99 0.18 
18 0.91 0.26 0.90 0.27  18 0.88 0.26 0.90 0.26 
22 0.99 0.33 0.99 0.33  22 0.97 0.32 0.99 0.33 
26 1.09 0.37 1.12 0.39  26 1.10 0.38 1.09 0.38 














Statistics: Treatment - 210 PP MLE S, 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .803883 .181663 
Std. Error of Mean .0806137 .0366078 
Median .941012 .114605 
Mode .1897a .0274a 
Std. Deviation .3420148 .1553138 
Variance .117 .024 
Skewness -.664 .728 
Kurtosis -.971 -.945 
Range .9693 .4362 
Minimum .1897 .0274 
Maximum 1.1589 .4636 
Sum 14.4699 3.2699 






Case Processing Summary: Treatment - 210 PP MLE S, 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 210 PP MLE S, 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .206 18 .042 .870 18 .018 
CD .211 18 .033 .856 18 .010 
















ANOVA: Treatment - 210 PP MLE S, 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .006 .939 
Within Groups 1.988 16 .124   
Total 1.989 17    
CD 
Between Groups .000 1 .000 .008 .931 
Within Groups .410 16 .026   






Robust Tests of Equality of Means: Treatment - 210 PP MLE S, 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .006 1 15.995 .939 
CD Welch .008 1 15.997 .931 
a. Asymptotically F distributed. 
 
 
Table E-bi-9    
   
Average of Treatment - 210 PP MLE S, 80 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.19 0.04   
2 0.38 0.05   
6 0.57 0.07   
10 0.77 0.10   
14 0.97 0.15   
18 1.14 0.20   
22 0.94 0.30   
26 1.12 0.39   


















 average for treatment 210 PP MLE S, 80 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-bi-4. C
D
 average for treatment - 210 PP MLE S, 80 knots: This plot 

































Table E-bj-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         71 °F 530.7 °R 
Atmospheric Pressure     25.25 in. Hg 12.4 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     28 psi     
Reynolds number (Re)    950000     
          
run 2         
Temperature         64 °F 523.7 °R 
Atmospheric Pressure     25.26 in. Hg 12.41 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     28.39 psi     














Table E-bj-2           
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 6.3 16.5 6.1 21.5  -2 6.5 18.5 7.6 19.7 
2 15.6 18.3 16.5 22.6  2 17.9 20.5 18.1 23.4 
6 25.8 26.7 27.7 31.1  6 25.6 27.1 28 32.1 
10 36.5 39.9 39.3 45.2  10 36.1 40 38.3 43.4 
14 47.2 57.9 49.3 61.8  14 47.4 60.1 50.4 65.9 
18 57.1 82.1 41.4 100.1  18 57.6 83.2 41.1 107.5 
22 46.5 123 46.6 121.8  22 47.5 126.4 46.4 126.5 
26 55.8 157.2 55.5 150  26 54.6 155.7 55.5 168.6 
30 56.3 199 56.3 199   30 57.2 193.4 57.2 193.4 
           
  
 
         
Table E-bj-3           
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.17 0.04 0.17 0.05  -2 0.18 0.04 0.20 0.05 
2 0.35 0.05 0.37 0.05  2 0.39 0.05 0.40 0.06 
6 0.55 0.07 0.59 0.08  6 0.54 0.07 0.58 0.08 
10 0.75 0.10 0.81 0.12  10 0.74 0.10 0.78 0.11 
14 0.96 0.16 1.00 0.17  14 0.95 0.16 1.01 0.18 
18 1.15 0.24 0.85 0.26  18 1.14 0.24 0.83 0.28 
22 0.95 0.33 0.95 0.33  22 0.95 0.34 0.93 0.33 
26 1.13 0.44 1.12 0.42  26 1.09 0.43 1.10 0.47 



















 for treatment - 210 PP MLE S, 100 knots: This plot demonstrates 
the shape and values of the trials of the test wing for evaluation of similarity. 
Figure E-bj-2. C
D
 for treatment - 210 PP MLE S, 100 knots: This plot demonstrates 






































Statistics: Treatment - 210 PP MLE S, 100 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .792333 .206644 
Std. Error of Mean .0814524 .0425556 
Median .948672 .145750 
Mode .1747a .0259a 
Std. Deviation .3455735 .1805481 
Variance .119 .033 
Skewness -.642 .755 
Kurtosis -1.014 -.784 
Range .9754 .5265 
Minimum .1747 .0259 
Maximum 1.1501 .5524 
Sum 14.2620 3.7196 






Case Processing Summary: Treatment - 210 PP MLE S, 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 210 PP MLE S, 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .228 18 .014 .869 18 .017 
CD .186 18 .100 .867 18 .016 













ANOVA: Treatment - 210 PP MLE S, 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .001 .982 
Within Groups 2.030 16 .127   
Total 2.030 17    
CD 
Between Groups .000 1 .000 .000 .986 
Within Groups .554 16 .035   






Robust Tests of Equality of Means: Treatment - 210 PP MLE S, 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .001 1 15.988 .982 
CD Welch .000 1 15.977 .986 
a. Asymptotically F distributed. 
 
 
Table E-bj-9    
   
Average of Treatment - 210 PP MLE S, 100 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.18 0.04   
2 0.37 0.05   
6 0.54 0.07   
10 0.75 0.10   
14 0.96 0.16   
18 1.15 0.24   
22 0.95 0.33   
26 1.11 0.44   

















 average for treatment - 210 PP MLE S, 100 knots: This 
plot demonstrates the shape and average values of the trials of the test wing.  
Figure E-bj-4. C
D
 average for treatment - 210 PP MLE S, 100 knots: This plot 



































Table E-bk-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         66 °F 525.7 °R 
Atmospheric Pressure     25.25 in. Hg 12.4 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     40.71 psi     
Reynolds number (Re)    1140000     
          
run 2         
Temperature         69 °F 528.7 °R 
Atmospheric Pressure     25.25 in. Hg 12.4 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     40.47 psi     























Table E-bk-2         
           










AOA  Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 6.8 27.8 9.4 28.0  -2 10.4 27.5 12.3 28.2 
2 22.5 28.1 23.8 29.0  2 24.1 30.1 26.5 33.0 
6 39.2 40.4 36.3 49.9  6 40.5 43.8 41.5 44.5 
10 53.8 57.2 54.3 65.3  10 54.0 61.7 56.2 60.5 
14 70.0 83.0 70.0 91.3  14 71.1 87.8 71.3 82.2 
18 83.6 116.9 56.1 141.2  18 82.5 115.8 84.5 117.6 
22 66.8 176.4 66.7 176.9  22 66.8 174.6 68.0 177.8 
26 79.5 218.4 80.2 216.1  26 81.2 215.6 81.7 209.3 
30 80.4 250.0 80.4 250.0   30 80.4 252.7 79.7 251.7 
 
 
          
           
Table E-bk-3           
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.13 0.04 0.16 0.04  -2 0.18 0.04 0.20 0.05 
2 0.33 0.05 0.35 0.05  2 0.36 0.05 0.39 0.06 
6 0.55 0.07 0.52 0.09  6 0.58 0.08 0.59 0.08 
10 0.75 0.11 0.75 0.13  10 0.75 0.12 0.78 0.12 
14 0.96 0.18 0.96 0.20  14 0.98 0.19 0.98 0.18 
18 1.14 0.27 0.78 0.27  18 1.13 0.27 1.16 0.28 
22 0.92 0.37 0.92 0.37  22 0.92 0.36 0.94 0.37 
26 1.09 0.49 1.10 0.49  26 1.12 0.49 1.12 0.48 



















 for treatment - 210 PP MLE S, 120 knots: This plot demonstrates 
the shape and values of the trials of the test wing for evaluation of similarity. 
Figure E-bk-2. C
D
 for treatment - 210 PP MLE S, 120 knots: This plot demonstrates 






































Statistics: Treatment - 210 PP MLE S, 120 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .782982 .222659 
Std. Error of Mean .0817978 .0437653 
Median .921896 .166955 
Mode .1268a .0298a 
Std. Deviation .3470388 .1856803 
Variance .120 .034 
Skewness -.725 .574 
Kurtosis -.861 -1.204 
Range 1.0144 .5233 
Minimum .1268 .0298 
Maximum 1.1412 .5531 
Sum 14.0937 4.0079 






Case Processing Summary: Treatment - 210 PP MLE S, 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 210 PP MLE S, 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .208 18 .038 .872 18 .019 
CD .181 18 .121 .870 18 .018 













ANOVA: Treatment - 210 PP MLE S, 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .010 .922 
Within Groups 2.046 16 .128   
Total 2.047 17    
CD 
Between Groups .000 1 .000 .001 .978 
Within Groups .586 16 .037   






Robust Tests of Equality of Means: Treatment - 210 PP MLE S, 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .010 1 15.984 .922 
CD Welch .001 1 15.929 .978 
a. Asymptotically F distributed. 
 
 
Table E-bk-9    
   
Average of Treatment - 210 PP MLE S, 120 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.15 0.04   
2 0.35 0.05   
6 0.56 0.08   
10 0.75 0.12   
14 0.97 0.18   
18 1.14 0.27   
22 0.92 0.36   
26 1.10 0.49   
















 average for treatment - 210 PP MLE S, 120 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-bk-4. C
D
 average for treatment - 210 PP MLE S, 120 knots: This 


































Table E-bl-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      140 knots   
          
run 1         
Temperature         71 °F 530.7 °R 
Atmospheric Pressure     25.24 in. Hg 12.4 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     54.86 psi     
Reynolds number (Re)    1330000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     54.26 psi     




















Table E-bl-2           
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 14.5 42.6 12.8 37.5  -2 8.3 46.8 13.5 46.7 
2 31.9 42.8 34.2 47.8  2 30.9 41.0 33.5 47.7 
6 53.8 60.9 55.6 61.5  6 53.0 55.8 51.9 58.8 
10 69.2 86.2 74.4 80.1  10 71.9 75.1 75.8 87.8 
14 96.8 115.2 93.4 124.1  14 92.9 104.1 91.0 105.0 
18 82.8 200.7 82.8 200.7  18 111.8 141.4 111.8 141.4 
22      22     
26      26     
30           30         
           
           
           
Table E-bl-3           
           











AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.17 0.05 0.15 0.04  -2 0.11 0.05 0.16 0.06 
2 0.34 0.06 0.36 0.06  2 0.33 0.05 0.36 0.06 
6 0.55 0.09 0.57 0.09  6 0.55 0.08 0.54 0.09 
10 0.71 0.14 0.76 0.13  10 0.74 0.12 0.78 0.15 
14 0.98 0.22 0.94 0.23  14 0.95 0.19 0.93 0.19 
18 0.84 0.34 0.84 0.34  18 1.14 0.30 1.14 0.30 
22      22     
26      26     
















 for treatment - 210 PP MLE S, 140 knots: This plot demonstrates 
the shape and values of the trials of the test wing for evaluation of similarity 
Figure E-bl-2. C
D
 for treatment - 210 PP MLE S, 140 knots: This plot demonstrates 






































Statistics: Treatment - 210 PP MLE S, 140 Knots 
 CL CD 
N Valid 12 12 
Missing 0 0 
Mean .617151 .123310 
Std. Error of Mean .0954252 .0287180 
Median .630139 .086778 
Mode .1100a .0354a 
Std. Deviation .3305625 .0994819 
Variance .109 .010 
Skewness -.088 1.070 
Kurtosis -1.101 .025 
Range 1.0256 .2901 
Minimum .1100 .0354 
Maximum 1.1356 .3256 
Sum 7.4058 1.4797 






Case Processing Summary: Treatment - 210 PP MLE S, 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 12 100.0% 0 0.0% 12 100.0% 






Tests of Normality: Treatment - 210 PP MLE S, 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .132 12 .200
* .961 12 .802 
CD .202 12 .190 .844 12 .031 













ANOVA: Treatment - 210 PP MLE S, 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .005 1 .005 .039 .848 
Within Groups 1.197 10 .120   
Total 1.202 11    
CD 
Between Groups .001 1 .001 .063 .806 
Within Groups .108 10 .011   






Robust Tests of Equality of Means: Treatment - 210 PP MLE S, 140 Knots 
 Statistica df1 df2 Sig. 
CL Welch .039 1 9.522 .848 
CD Welch .063 1 9.702 .807 
a. Asymptotically F distributed. 
 
 
Table E-bl-9    
   
Average of Treatment - 210 PP MLE S, 140 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.14 0.05   
2 0.34 0.05   
6 0.55 0.09   
10 0.72 0.13   
14 0.96 0.21   
18 0.99 0.32   
22     
26     


















 average for treatment -210 PP MLE S, 140 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-bl-4. C
D
 average for treatment - 210 PP MLE S, 140 knots: This plot 






























Appendix E-bm: Treatment - 210 PP MLE with Forward Zipper at 10% Chord and Upper 




Table E-bm-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      60 knots   
          
run 1         
Temperature         71 °F 530.7 °R 
Atmospheric Pressure     25.2 in. Hg 12.38 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     10.06 psi     
Reynolds number (Re)    570000     
          
run 2         
Temperature         71 °F 530.7 °R 
Atmospheric Pressure     25.2 in. Hg 12.38 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     10.06 psi     


























Table E-bm-2         
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 2.6 11.9 3.3 12.7  -2 2.8 12.6 3.5 14.0 
2 5.6 10.0 6.7 11.7  2 6.3 12.0 6.7 13.1 
6 9.6 12.7 10.3 14.5  6 8.7 12.8 10.4 15.8 
10 13.0 16.5 14.2 19.8  10 13.0 18.4 14.2 20.8 
14 16.7 22.4 17.8 26.3  14 16.6 25.3 18.1 28.6 
18 20.0 41.8 14.8 41.5  18 15.2 41.4 15.4 43.0 
22 16.4 48.7 16.4 49.5  22 15.9 48.6 16.6 51.2 
26 18.7 59.9 18.8 58.3  26 18.6 57.0 18.7 58.4 
30 19.9 76.6 19.9 76.6   30 19.9 76.7 19.9 76.7 
 
 
          
           
Table E-bm-3           
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.29 0.08 0.33 0.09  -2 0.30 0.08 0.34 0.09 
2 0.45 0.07 0.51 0.08  2 0.49 0.08 0.51 0.09 
6 0.66 0.09 0.70 0.10  6 0.61 0.09 0.71 0.11 
10 0.84 0.11 0.91 0.13  10 0.84 0.12 0.91 0.14 
14 1.04 0.15 1.10 0.18  14 1.04 0.17 1.12 0.19 
18 1.22 0.28 0.94 0.27  18 0.96 0.27 0.97 0.28 
22 1.03 0.31 1.03 0.32  22 1.00 0.31 1.04 0.33 
26 1.15 0.39 1.15 0.38  26 1.14 0.37 1.15 0.38 















 for treatment - 210 PP MLE FZ S, 60 knots: This plot 




 for treatment - 210 PP MLE FZ S, 60 knots: This plot demonstrates 






































Statistics: Treatment - 210 PP MLE FZ S, 60 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .860683 .208601 
Std. Error of Mean .0748155 .0350236 
Median .980626 .147419 
Mode .8444a .0571a 
Std. Deviation .3174153 .1485927 
Variance .101 .022 
Skewness -.641 .691 
Kurtosis -.938 -.845 
Range .9299 .4303 
Minimum .2886 .0571 
Maximum 1.2184 .4874 
Sum 15.4923 3.7548 






Case Processing Summary: Treatment - 210 PP MLE FZ S, 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 210 PP MLE FZ S, 60 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .181 18 .124 .892 18 .042 
CD .193 18 .076 .861 18 .013 














ANOVA: Treatment - 210 PP MLE FZ S, 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .005 1 .005 .045 .835 
Within Groups 1.708 16 .107   
Total 1.713 17    
CD 
Between Groups .000 1 .000 .001 .979 
Within Groups .375 16 .023   






Robust Tests of Equality of Means: Treatment - 210 PP MLE FZ S, 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .045 1 15.876 .835 
CD Welch .001 1 15.970 .979 
a. Asymptotically F distributed. 
 
 
Table E-bm-9   
   
Average of Treatment - 210 PP MLE FZ S, 60 Knot Runs to be Used for Comparison 
AOA CL CD   
AOA CL CD   
-2 0.29 0.08   
2 0.47 0.08   
6 0.64 0.09   
10 0.84 0.12   
14 1.04 0.16   
18 1.09 0.27   
22 1.01 0.31   
















 average for treatment - 210 PP MLE FZ S, 60 knots: This 
plot demonstrates the shape and average values of the trials of the test wing.  
Figure E-bm-4. C
D
 average for treatment - 210 PP MLE FZ S, 60 knots: 































Appendix E-bn: Treatment - 210 PP MLE with Forward Zipper at 10% Chord and Upper 




Table E-bn-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         72 °F 531.7 °R 
Atmospheric Pressure     25.16 in. Hg 12.36 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.82 psi     
Reynolds number (Re)    760000     
          
run 2         
Temperature         73 °F 532.7 °R 
Atmospheric Pressure     25.16 in. Hg 12.36 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.79 psi     

































 for treatment - 210 PP MLE FZ S, 80 knots: This plot demonstrates 


























Statistics: Treatment - 210 PP MLE FZ S, 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .785689 .207591 
Std. Error of Mean .0741788 .0354681 
Median .898225 .153484 
Mode .2142a .0568a 
Std. Deviation .3147139 .1504784 
Variance .099 .023 
Skewness -.653 .691 
Kurtosis -.891 -.806 
Range .9584 .4450 
Minimum .2142 .0568 
Maximum 1.1726 .5018 
Sum 14.1424 3.7366 





 for treatment - 210 PP MLE FZ S, 80 knots: This plot 






















Case Processing Summary: Treatment - 210 PP MLE FZ S, 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 210 PP MLE FZ S, 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .176 18 .144 .900 18 .057 
CD .196 18 .066 .870 18 .018 







ANOVA: Treatment - 210 PP MLE FZ S, 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .001 .979 
Within Groups 1.684 16 .105   
Total 1.684 17    
CD 
Between Groups .000 1 .000 .000 .988 
Within Groups .385 16 .024   






Robust Tests of Equality of Means: Treatment - 210 PP MLE FZ S, 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .001 1 16.000 .979 
CD Welch .000 1 15.979 .988 






Table E-bn-9   
   
Average of Treatment - 210 PP MLE FZ S, 80 Knot Runs to be Used for Comparison 
AOA CL CD   
AOA CL CD   
-2 0.22 0.08   
2 0.39 0.07   
6 0.57 0.09   
10 0.78 0.12   
14 0.98 0.17   
18 0.90 0.26   
22 0.98 0.32   












 average for treatment - 210 PP MLE FZ S, 80 knots: This plot 


























Figure E-bn-4. CD average for treatment - 210 PP MLE FZ S, 80 knots: This 



















Appendix E-bo: Treatment - 210 PP MLE with Forward Zipper at 10% Chord and Upper 




Table E-bo-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         72.5 °F 532.2 °R 
Atmospheric Pressure     25.17 in. Hg 12.36 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.83 psi     
Reynolds number (Re)    950000     
          
run 2         
Temperature         73 °F 532.7 °R 
Atmospheric Pressure     25.19 in. Hg 12.37 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.83 psi     




















Table E-bo-2           
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 6.1 34.9 8.9 34.1  -2 6.6 34.5 8.3 33.9 
2 14.7 27.4 16.0 30.4  2 15.0 28.8 16.6 29.4 
6 24.6 31.4 25.7 35.0  6 24.5 34.4 25.7 34.0 
10 35.0 43.4 34.7 44.9  10 32.6 44.4 36.6 47.0 
14 44.7 60.4 43.5 63.7  14 42.8 63.8 46.2 63.3 
18 38.2 99.3 39.2 101.2  18 39.1 103.8 54.1 81.4 
22 43.5 119.5 45.0 122.4  22 43.1 118.2 45.5 124.7 
26 50.8 152.8 51.6 142.6  26 49.9 138.4 52.3 145.8 
30 55.5 181.5 55.5 181.5  30 56.2 190.1 56.2 190.1 
           
 
 
          
Table E-bo-3           
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.17 0.08 0.23 0.08  -2 0.18 0.08 0.21 0.08 
2 0.34 0.07 0.36 0.07  2 0.34 0.07 0.37 0.07 
6 0.53 0.08 0.55 0.09  6 0.53 0.09 0.55 0.08 
10 0.73 0.11 0.72 0.12  10 0.68 0.11 0.76 0.12 
14 0.92 0.16 0.89 0.17  14 0.88 0.17 0.95 0.17 
18 0.79 0.26 0.81 0.26  18 0.81 0.27 1.10 0.23 
22 0.89 0.32 0.92 0.33  22 0.89 0.31 0.93 0.33 
26 1.04 0.42 1.05 0.40  26 1.02 0.38 1.06 0.41 


















 for treatment - 210 PP MLE FZ S, 100 knots: This plot shows the 
shape and values of the trials of the wing for evaluation of similarity. 
Figure E-bo-2. C
D
 for treatment - 210 PP MLE FZ S, 100 knots: This plot shows the 





































Statistics: Treatment - 210 PP MLE FZ S, 100 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .725790 .210906 
Std. Error of Mean .0735994 .0379025 
Median .800699 .152735 
Mode .1719a .0517a 
Std. Deviation .3122556 .1608067 
Variance .098 .026 
Skewness -.500 .774 
Kurtosis -.854 -.658 
Range .9679 .4784 
Minimum .1719 .0517 
Maximum 1.1398 .5300 
Sum 13.0642 3.7963 






Case Processing Summary: Treatment - 210 PP MLE FZ S, 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 210 PP MLE FZ S, 100 nots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .139 18 .200
* .927 18 .175 
CD .201 18 .053 .866 18 .015 














ANOVA: Treatment - 210 PP MLE FZ S, 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .008 .931 
Within Groups 1.657 16 .104   
Total 1.658 17    
CD 
Between Groups .000 1 .000 .000 .995 
Within Groups .440 16 .027   






Robust Tests of Equality of Means: Treatment - 210 PP MLE FZ S, 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .008 1 15.976 .931 
CD Welch .000 1 15.998 .995 
a. Asymptotically F distributed. 
 
 
Table E-bo-9   
   
Average of Treatment - 210 PP MLE FZ S, 100 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.18 0.08   
2 0.34 0.07   
6 0.53 0.08   
10 0.71 0.11   
14 0.90 0.17   
18 0.80 0.26   
22 0.89 0.31   

















 average for treatment - 210 PP MLE FZ S, 100 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-bo-4. C
D
 average for treatment - 210 PP MLE FZ S, 100 knots: This 






























Appendix E-bp: Treatment - 210 PP MLE with Forward Zipper at 10% Chord and Upper 




Table E-bp-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         71 °F 530.7 °R 
Atmospheric Pressure     25.22 in. Hg 12.39 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     40.27 psi     
Reynolds number (Re)    1140000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.21 in. Hg 12.38 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     39.96 psi     
























Table E-bp-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 10.8 49.4 12.9 53.8  -2 12.3 46.0 13.8 51.9 
2 24.4 39.0 25.0 47.3  2 25.2 38.3 26.8 45.0 
6 37.5 45.6 39.2 53.3  6 37.8 42.8 40.0 51.8 
10 52.3 60.6 55.1 68.3  10 55.6 64.1 53.5 65.1 
14 67.9 84.3 73.3 98.6  14 68.7 84.9 70.8 90.9 
18 82.9 113.5 83.0 124.5  18 81.5 113.4 79.8 115.6 
22 68.0 172.0 67.4 171.0  22 66.1 163.3 67.6 164.1 
26 86.5 206.0 85.0 213.0  26 85.0 199.0 87.6 207.7 
30 85.3 229.7 85.3 219.7   30 82.1 233.0 82.1 233.0 
           
 
 
          
Table E-bp-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.18 0.08 0.21 0.08  -2 0.20 0.07 0.22 0.08 
2 0.36 0.07 0.37 0.08  2 0.38 0.07 0.40 0.08 
6 0.54 0.08 0.56 0.10  6 0.55 0.08 0.58 0.10 
10 0.74 0.12 0.77 0.14  10 0.79 0.13 0.76 0.13 
14 0.94 0.18 1.02 0.22  14 0.96 0.18 0.99 0.20 
18 1.14 0.27 1.15 0.29  18 1.13 0.26 1.11 0.27 
22 0.95 0.36 0.94 0.36  22 0.93 0.34 0.95 0.35 
26 1.19 0.49 1.17 0.50  26 1.18 0.47 1.22 0.50 















Figure E-bp-1. CL for treatment - 210 PP MLE FZ S, 120 knots: This plot demonstrates 
the shape and values of the trials of the test wing for evaluation of similarity. 
Figure E-bp-2. C
D
 for treatment - 210 PP MLE FZ S, 120 knots: This plot demonstrates 





































Statistics: Treatment - 210 PP MLE FZ S, 120 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .804364 .226122 
Std. Error of Mean .0831931 .0416392 
Median .935441 .164747 
Mode .1816a .0510a 
Std. Deviation .3529585 .1766602 
Variance .125 .031 
Skewness -.559 .654 
Kurtosis -1.108 -1.136 
Range 1.0106 .4790 
Minimum .1816 .0510 
Maximum 1.1921 .5300 
Sum 14.4786 4.0702 






Case Processing Summary: Treatment - 210 PP MLE FZ S, 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 210 PP MLE FZ S, 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .192 18 .080 .884 18 .031 
CD .188 18 .093 .848 18 .008 














ANOVA: Treatment - 210 PP MLE FZ S, 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .001 .980 
Within Groups 2.118 16 .132   
Total 2.118 17    
CD 
Between Groups .000 1 .000 .002 .965 
Within Groups .530 16 .033   






Robust Tests of Equality of Means: Treatment - 210 PP MLE FZ S, 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .001 1 15.974 .980 
CD Welch .002 1 15.993 .965 
a. Asymptotically F distributed. 
 
 
Table E-bp-9   
   
Average of Treatment - 210 PP MLE FZ S, 120 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.19 0.08   
2 0.37 0.07   
6 0.54 0.08   
10 0.76 0.12   
14 0.95 0.18   
18 1.14 0.26   
22 0.94 0.35   



















 average for treatment - 210 PP MLE FZ S, 120 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-bp-4. CD average for treatment - 210 PP MLE FZ S, 120 knots: This 































Appendix E-bq: Treatment - 210 PP MLE with Forward Zipper at 10% Chord and Upper 




Table E-bq-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-
ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      140 knots   
          
run 1         
Temperature         76 °F 535.7 °R 
Atmospheric Pressure     25.21 in. Hg 12.38 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     54.28 psi     
Reynolds number (Re)    1330000     
          
run 2         
Temperature         69 °F 528.7 °R 
Atmospheric Pressure     25.3 in. Hg 12.43 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     55.2 psi     





















Table E-bq-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 13.0 74.8 13.6 74.5   -2 11.8 72.3 14.9 66.8 
2 27.7 59.0 24.7 59.1  2 29.8 57.0 31.3 52.3 
6 46.4 62.4 51.2 76.2  6 50.6 65.3 51.1 76.3 
10 70.7 84.3 69.7 87.0  10 73.0 85.7 72.7 93.3 
14 90.0 115.2 93.5 122.0  14 94.1 114.6 95.8 124.3 
18 83.0 181.0 83.0 181.0  18 77.7 190.0 77.7 190.0 
22      22     
26      26     
30           30         
           
 
 
          
Table E-bq-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.16 0.09 0.16 0.09  -2 0.14 0.08 0.17 0.08 
2 0.30 0.07 0.27 0.07  2 0.32 0.07 0.33 0.07 
6 0.49 0.09 0.53 0.11  6 0.52 0.09 0.52 0.11 
10 0.73 0.14 0.72 0.14  10 0.74 0.14 0.74 0.15 
14 0.92 0.21 0.95 0.23  14 0.94 0.21 0.96 0.23 
18 0.85 0.31 0.85 0.31  18 0.78 0.31 0.78 0.31 
22      22     
26      26     



















 for treatment - 210 PP MLE FZ S, 140 knots: This plot demonstrates 
the shape and values of the trials of the wing for evaluation of similarity. 
Figure E-bq-2. C
D
 for treatment - 210 PP MLE FZ S, 140 knots: This plot demonstrates 



































Statistics: Treatment - 210 PP MLE FZ S, 140 Knots 
 CL CD 
N Valid 12 12 
Missing 0 0 
Mean .574053 .133854 
Std. Error of Mean .0842806 .0255583 
Median .624030 .095891 
Mode .1422a .0561a 
Std. Deviation .2919565 .0885367 
Variance .085 .008 
Skewness -.268 1.077 
Kurtosis -1.497 -.181 
Range .8016 .2391 
Minimum .1422 .0561 
Maximum .9438 .2952 
Sum 6.8886 1.6063 






Case Processing Summary: Treatment - 210 PP MLE FZ S, 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 12 100.0% 0 0.0% 12 100.0% 






Tests of Normality: Treatment - 210 PP MLE FZ S, 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .201 12 .195 .912 12 .224 
CD .247 12 .041 .801 12 .010 













ANOVA: Treatment - 210 PP MLE FZ S, 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .998 
Within Groups .938 10 .094   
Total .938 11    
CD 
Between Groups .000 1 .000 .000 .999 
Within Groups .086 10 .009   






Robust Tests of Equality of Means: Treatment - 210 PP MLE FZ S, 140 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 9.998 .998 
CD Welch .000 1 10.000 .999 
a. Asymptotically F distributed. 
 
 
Table E-bq-9   
   
Average of Treatment - 210 PP MLE FZ S, 140 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.15 0.08   
2 0.31 0.07   
6 0.50 0.09   
10 0.73 0.14   
14 0.93 0.21   
18 0.82 0.31   
22     






















 average for treatment - 210 PP MLE FZ S, 140 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-bq-4. C
D
 average for treatment - 210 PP MLE FZ S, 140 knots: This plot 































Table E-br-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      60 knots   
          
run 1         
Temperature         74.5 °F 534.2 °R 
Atmospheric Pressure     25.18 in. Hg 12.37 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     9.987 psi     
Reynolds number (Re)    570000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.18 in. Hg 12.37 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     9.977 psi     
























Table E-br-2            
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 1.9 4.1 3.5 7.9  -2 2.3 4.2 2.9 5.3 
2 5.8 4.1 7.4 9.3  2 5.9 4.1 6.9 6.6 
6 9.1 6.8 11.1 12.8  6 9.6 6.9 10.8 10.2 
10 13.5 12.1 15.5 18.6  10 13.5 11.6 14.7 15.3 
14 17.5 19.1 20.5 26.7  14 17.1 17.9 19.8 23.4 
18 20.3 28.9 23.3 35.6  18 20.1 25.7 22.6 31.5 
22 24.2 40.5 24.2 42.6  22 23.3 36.6 23.7 39.6 
26 22.8 52.5 22.8 53.4  26 21.8 48.7 22.3 51.6 
30 24.7 63.2 24.7 63.2   30 24.2 60.3 24.2 60.3 
           
   
 
        
Table E-br-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.25 0.04 0.34 0.06  -2 0.27 0.04 0.31 0.04 
2 0.46 0.04 0.55 0.07  2 0.47 0.04 0.52 0.05 
6 0.64 0.05 0.75 0.09  6 0.67 0.05 0.73 0.07 
10 0.88 0.09 0.99 0.13  10 0.88 0.08 0.94 0.11 
14 1.09 0.13 1.25 0.18  14 1.07 0.13 1.22 0.16 
18 1.24 0.20 1.41 0.24  18 1.23 0.18 1.37 0.22 
22 1.45 0.28 1.45 0.29  22 1.41 0.25 1.43 0.27 
26 1.38 0.35 1.38 0.36  26 1.33 0.33 1.35 0.35 




















 for treatment - 210 PP SNLE, 60 knots: This plot demonstrates 

















 for treatment - 210 PP SNLE, 60 knots: This plot demonstrates the 






















Statistics: Treatment - 210 PP SNLE, 60 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .981455 .158764 
Std. Error of Mean .1006990 .0322938 
Median 1.082591 .115188 
Mode .2530a .0220a 
Std. Deviation .4272295 .1370111 
Variance .183 .019 
Skewness -.453 .684 
Kurtosis -1.253 -.944 
Range 1.2274 .3932 
Minimum .2530 .0220 
Maximum 1.4805 .4152 
Sum 17.6662 2.8577 






Case Processing Summary: Treatment - 210 PP SNLE, 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 210 PP SNLE, 60 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .167 18 .199 .900 18 .057 
CD .179 18 .133 .872 18 .019 













ANOVA: Treatment - 210 PP SNLE, 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .001 1 .001 .003 .958 
Within Groups 3.102 16 .194   
Total 3.103 17    
CD 
Between Groups .001 1 .001 .030 .866 
Within Groups .319 16 .020   






Robust Tests of Equality of Means: Treatment - 210 PP SNLE, 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .003 1 15.952 .958 
CD Welch .030 1 15.914 .866 
a. Asymptotically F distributed. 
 
 
Table E-br-9   
   
Average of Treatment - 210 PP SNLE, 60 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.26 0.04   
2 0.47 0.04   
6 0.65 0.05   
10 0.88 0.09   
14 1.08 0.13   
18 1.24 0.19   
22 1.43 0.26   






















 average for treatment - 210 PP SNLE, 60 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-br-4. C
D
 average for treatment - 210 PP SNLE, 60 knots: This plot 



































Table E-bs-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.19 in. Hg 12.37 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.74 psi     
Reynolds number (Re)    760000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.2 in. Hg 12.38 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.75 psi     
























Table E-bs-2            
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 4.6 7.6 3.8 9.0  -2 4.1 7.1 4.9 7.0 
2 10.3 7.9 10.7 9.8  2 10.1 7.0 11.2 8.3 
6 16.9 13.0 18.4 15.9  6 16.5 11.7 17.5 13.4 
10 23.9 21.2 25.7 23.7  10 24.2 20.0 25.5 22.3 
14 32.1 34.8 33.3 37.3  14 32.6 33.7 32.8 34.6 
18 38.7 49.2 40.5 53.4  18 39.7 49.4 40.0 50.9 
22 45.4 68.0 45.4 70.7  22 45.2 68.0 45.4 69.6 
26 40.9 86.9 41.1 88.6  26 40.8 87.0 40.7 86.7 
30 45.2 108.0 45.2 108.0   30 44.5 103.0 44.5 103.0 
 
 
          
           
Table E-bs-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.22 0.03 0.20 0.04  -2 0.21 0.03 0.23 0.03 
2 0.40 0.03 0.41 0.04  2 0.39 0.03 0.42 0.04 
6 0.60 0.05 0.64 0.06  6 0.58 0.05 0.61 0.05 
10 0.81 0.09 0.86 0.10  10 0.82 0.08 0.86 0.09 
14 1.06 0.14 1.09 0.15  14 1.07 0.14 1.08 0.14 
18 1.26 0.20 1.31 0.22  18 1.29 0.21 1.30 0.21 
22 1.46 0.29 1.46 0.30  22 1.45 0.29 1.46 0.30 
26 1.32 0.36 1.33 0.37  26 1.32 0.36 1.32 0.36 


















 for treatment - 210 PP SNLE, 80 knots: This plot demonstrates the 
shape and values of the trials of the wing for evaluation of similarity. 
Figure E-bs-2. C
D
 for treatment - 210 PP SNLE, 80 knots: This plot demonstrates the 






































Statistics: Treatment - 210 PP SNLE, 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .952704 .168277 
Std. Error of Mean .1070007 .0350382 
Median 1.064786 .125291 
Mode .2090a .0170a 
Std. Deviation .4539655 .1486544 
Variance .206 .022 
Skewness -.414 .620 
Kurtosis -1.397 -1.045 
Range 1.2514 .4268 
Minimum .2090 .0170 
Maximum 1.4604 .4438 
Sum 17.1487 3.0290 






Case Processing Summary: Treatment - 210 PP SNLE, 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 





Tests of Normality: Treatment - 210 PP SNLE, 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .193 18 .074 .883 18 .029 
CD .188 18 .094 .874 18 .020 














ANOVA: Treatment - 210 PP SNLE, 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .995 
Within Groups 3.503 16 .219   
Total 3.503 17    
CD 
Between Groups .000 1 .000 .004 .953 
Within Groups .376 16 .023   






Robust Tests of Equality of Means: Treatment - 210 PP SNLE, 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 15.999 .995 
CD Welch .004 1 15.992 .953 
a. Asymptotically F distributed. 
 
 
Table E-bs-9   
   
Average of Treatment - 210 PP SNLE, 80 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.22 0.03   
2 0.39 0.03   
6 0.59 0.05   
10 0.81 0.08   
14 1.06 0.14   
18 1.27 0.20   
22 1.46 0.29   



















 average for treatment - 210 PP SNLE, 80 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-bs-4. C
D
 average for treatment - 210 PP SNLE, 80 knots: This plot 


































Table E-bt-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.2 in. Hg 12.38 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.74 psi     
Reynolds number (Re)    950000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.2 in. Hg 12.38 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.74 psi     
























Table E-bt-2            
           





AOA   Run 2 
Increase 
AOA Decrease AOA 
AOA  Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 5.9 11.3 7.2 11.7  -2 7.3 14.0 8.1 13.9 
2 16.0 11.2 17.4 13.9  2 16.7 14.0 17.9 15.6 
6 26.3 19.0 27.8 20.9  6 26.7 21.2 30.0 24.8 
10 36.8 30.4 38.5 33.1  10 38.7 34.8 40.8 37.6 
14 50.2 49.9 52.9 55.4  14 51.4 53.8 52.1 55.4 
18 63.7 75.9 65.1 80.8  18 62.6 75.8 64.3 79.4 
22 73.8 104.3 73.4 103.9  22 74.1 105.0 74.1 104.3 
26 63.9 128.3 62.7 129.0  26 62.8 131.0 63.3 134.8 
30 70.0 150.0 70.0 150.0   30 68.0 160.0 68.0 160.0 
           
 
 
          
Table E-bt-3            
           





AOA   Run 2 
Increase 
AOA Decrease AOA 
AOA  CL CD CL CD  AOA CL CD CL CD 
-2 0.17 0.03 0.19 0.03  -2 0.20 0.03 0.21 0.03 
2 0.36 0.03 0.39 0.04  2 0.38 0.04 0.40 0.04 
6 0.56 0.05 0.59 0.05  6 0.57 0.06 0.64 0.06 
10 0.77 0.08 0.80 0.09  10 0.80 0.09 0.85 0.10 
14 1.03 0.14 1.08 0.16  14 1.05 0.15 1.06 0.16 
18 1.29 0.23 1.32 0.25  18 1.27 0.23 1.30 0.24 
22 1.48 0.33 1.48 0.33  22 1.49 0.34 1.49 0.33 
26 1.29 0.38 1.27 0.38  26 1.27 0.39 1.28 0.40 



















 for treatment - 210 PP SNLE, 100 knots: This plot demonstrates 
the shape and values of the trials of the wing for evaluation of similarity. 
Figure E-bt-2. C
D
 for treatment - 210 PP SNLE, 100 knots: This plot demonstrates the 






































Statistics: Treatment - 210 PP SNLE, 100 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .931806 .184056 
Std. Error of Mean .1086477 .0386503 
Median 1.038953 .131555 
Mode .1686a .0149a 
Std. Deviation .4609533 .1639792 
Variance .212 .027 
Skewness -.397 .562 
Kurtosis -1.370 -1.207 
Range 1.3220 .4652 
Minimum .1686 .0149 
Maximum 1.4906 .4801 
Sum 16.7725 3.3130 






Case Processing Summary: Treatment - 210 PP SNLE, 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 210 PP SNLE, 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .211 18 .033 .898 18 .053 
CD .185 18 .106 .871 18 .018 













ANOVA: Treatment - 210 PP SNLE, 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .987 
Within Groups 3.612 16 .226   
Total 3.612 17    
CD 
Between Groups .000 1 .000 .010 .920 
Within Groups .457 16 .029   






Robust Tests of Equality of Means: Treatment - 210 PP SNLE, 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 15.980 .987 
CD Welch .010 1 15.996 .920 
a. Asymptotically F distributed. 
 
 
Table E-bt-9   
   
Average of Treatment - 210 PP SNLE, 100 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.18 0.03   
2 0.37 0.03   
6 0.57 0.05   
10 0.79 0.09   
14 1.04 0.15   
18 1.28 0.23   
22 1.49 0.34   
















Figure E-bt-3.  CL average for treatment - 210 PP SNLE, 100 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-bt-4. C
D
 average for treatment - 210 PP SNLE, 100 knots: This plot 






























Appendix E-bu: Treatment - 210 PP with Smooth Neoprene Leading Edge, 120 Knots 
 
 
Table E-bu-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.2 in. Hg 12.38 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     39.94 psi     
Reynolds number (Re)    1140000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.21 in. Hg 12.38 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     39.96 psi     
























Table E-bu-2   
 










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 10.9 22.0 10.4 23.3  -2 12.7 21.9 12.9 23.7 
2 22.8 21.2 25.4 23.5  2 24.4 22.2 27.9 25.5 
6 38.3 30.7 41.5 35.1  6 39.6 33.0 43.8 37.6 
10 55.0 48.0 57.3 51.2  10 55.4 49.2 58.7 53.5 
14 71.9 71.4 76.8 79.5  14 72.9 74.5 75.5 78.1 
18 89.8 100.5 98.4 121.3  18 90.0 104.4 93.3 110.8 
22 108.8 139.4 108.9 148.5  22 107.6 141.4 109.2 149.5 
26 103.0 175.0 103.0 185.0  26 103.0 175.0 103.0 185.0 
30 102.5 205.6 102.5 205.6   30 103.0 206.0 103.0 206.0 
           
  
 
         
Table E-bu-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.18 0.04 0.18 0.04  -2 0.21 0.04 0.21 0.04 
2 0.34 0.04 0.38 0.04  2 0.37 0.04 0.41 0.05 
6 0.55 0.06 0.60 0.07  6 0.57 0.06 0.63 0.07 
10 0.78 0.10 0.81 0.10  10 0.78 0.10 0.83 0.11 
14 1.01 0.16 1.07 0.18  14 1.02 0.17 1.05 0.18 
18 1.25 0.25 1.36 0.32  18 1.25 0.26 1.29 0.28 
22 1.50 0.39 1.50 0.42  22 1.49 0.39 1.51 0.42 
26 1.42 0.47 1.42 0.50  26 1.42 0.47 1.42 0.50 





















 for treatment - 210 PP SNLE, 120 knots: This plot demonstrates the 















Figure E-bu-2. CD for treatment - 210 PP SNLE, 120 knots: This plot demonstrates 
























Statistics: Treatment - 210 PP SNLE, 120 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .943552 .213525 
Std. Error of Mean .1124584 .0454455 
Median 1.011978 .144224 
Mode 1.4236 .0222a 
Std. Deviation .4771205 .1928091 
Variance .228 .037 
Skewness -.325 .586 
Kurtosis -1.480 -1.279 
Range 1.3178 .5184 
Minimum .1844 .0222 
Maximum 1.5022 .5406 
Sum 16.9839 3.8434 






Case Processing Summary: Treatment - 210 PP SNLE, 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 210 PP SNLE, 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .182 18 .120 .886 18 .032 
CD .196 18 .065 .850 18 .009 













ANOVA: Treatment - 210 PP SNLE, 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .001 .973 
Within Groups 3.870 16 .242   
Total 3.870 17    
CD 
Between Groups .000 1 .000 .001 .971 
Within Groups .632 16 .039   






Robust Tests of Equality of Means: Treatment - 210 PP SNLE, 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .001 1 15.992 .973 
CD Welch .001 1 16.000 .971 
a. Asymptotically F distributed. 
 
 
Table E-bu-9   
   
Average of Treatment - 210 PP SNLE, 120 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.18 0.03   
2 0.37 0.03   
6 0.57 0.05   
10 0.79 0.09   
14 1.04 0.15   
18 1.28 0.23   
22 1.49 0.34   


















 average for treatment - 210 PP SNLE, 120 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-bu-4. CD average for treatment - 210 PP SNLE, 120 knots: This plot 


































Table E-bv-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      140 knots   
          
run 1         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.22 in. Hg 12.39 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     54.41 psi     
Reynolds number (Re)    1330000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.23 in. Hg 12.39 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     54.43 psi     
























Table E-bv-2             
  
 
         














Drag Lift Drag   
AO
A Lift Drag Lift Drag 
-2 13.3  33.6 16.1 33.1  -2 13.3 32.8 17.0 29.5 
2 33.1  31.5 37.4 34.7  2 32.7 30.1 39.5 34.9 
6 53.6  44.5 58.0 49.0  6 53.3 44.2 58.7 48.6 































    22     
26  
 
    26     




         
  
 
         
Table E-bv-3             
  
 
         
Calibration and Coefficient Transformation 210 PP SNLE, 140 Knots 
Run 1 
 
Inc. AOA Dec. AOA  
Run 
2 Inc. AOA Dec. AOA 
AOA      
CL 
 
CD CL CD 
 
AO
A      
CL CD CL CD 
-2 0.16  0.04 0.19 0.04  -2 0.16 0.04 0.20 0.04 
2 0.35  0.04 0.40 0.05  2 0.35 0.04 0.42 0.05 
6 0.56  0.07 0.60 0.07  6 0.55 0.07 0.61 0.07 
10 0.81  0.12 0.80 0.12  10 0.80 0.12 0.79 0.11 
14 1.04  0.20 1.03 0.20  14 1.01 0.19 1.11 0.23 
18 1.26  0.32 1.26 0.32  18 1.24 0.31 1.24 0.31 
22  
 
    22     
26  
 
    26     















 for treatment - 210 PP SNLE, 140 knots: This plot demonstrates 
the shape and values of the trials of the test wing for evaluation of similarity. 
Figure E-bv-2. C
D
 for treatment - 210 PP SNLE, 140 knots: This plot demonstrates 






































Statistics: Treatment - 210 PP SNLE, 140 Knots 
 CL CD 
N Valid 12 12 
Missing 0 0 
Mean .691252 .110512 
Std. Error of Mean .1138063 .0293997 
Median .678219 .071942 
Mode .1590a .0237a 
Std. Deviation .3942366 .1018434 
Variance .155 .010 
Skewness .082 1.044 
Kurtosis -1.354 -.190 
Range 1.1038 .2785 
Minimum .1590 .0237 
Maximum 1.2629 .3022 
Sum 8.2950 1.3261 






Case Processing Summary: Treatment - 210 PP SNLE, 140 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 12 100.0% 0 0.0% 12 100.0% 






Tests of Normality: Treatment - 210 PP SNLE, 140 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .137 12 .200
* .929 12 .371 
CD .232 12 .074 .817 12 .015 













ANOVA: Treatment - 210 PP SNLE, 140 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .002 .967 
Within Groups 1.709 10 .171   
Total 1.710 11    
CD 
Between Groups .000 1 .000 .007 .934 
Within Groups .114 10 .011   






Robust Tests of Equality of Means: Treatment - 210 PP SNLE, 140 Knots 
 Statistica df1 df2 Sig. 
CL Welch .002 1 9.995 .967 
CD Welch .007 1 9.971 .934 
a. Asymptotically F distributed. 
 
 
Table E-bv-9   
   
Average of Treatment - 210 PP SNLE, 140 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.16 0.04   
2 0.35 0.04   
6 0.56 0.07   
10 0.80 0.12   
14 1.03 0.20   
18 1.25 0.32   
22     



















 average for treatment - 210 PP SNLE, 140 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-bv-4. C
D
 average for treatment - 210 PP SNLE, 140 knots: This plot 






























Appendix E-bw: Treatment - 210 PP SNLE with Monofilm Laminate on Lower Surface 




Table E-bw-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      60 knots   
          
run 1         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     9.965 psi     
Reynolds number (Re)    570000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     9.965 psi     
























Table E-bw-2            
           










AOA   Lift Drag Lift Drag   AOA   Lift Drag Lift Drag 
-2 2.5 5.9 3.4 8.3  -2 2.5 4.5 2.9 5.6 
2 6.2 6.0 7.4 9.8  2 6.2 4.5 7.2 6.9 
6 9.9 8.9 11.2 13.1  6 10.2 7.3 10.7 10.1 
10 14.0 13.4 15.2 17.8  10 14.4 12.4 15.2 15.6 
14 17.9 20.1 19.9 25.5  14 18.0 18.6 19.8 23.3 
18 20.4 28.2 22.7 33.4  18 20.1 26.4 22.8 32.1 
22 23.4 40.5 23.8 42.6  22 23.4 38.5 23.5 40.5 
26 23.1 55.1 23.1 55.3  26 22.6 52.0 22.7 52.3 
30 24.9 64.6 24.9 64.6   30 24.5 62.0 24.5 62.0 
           
 
 
          
Table E-bw-3            
           
Calibration and Coefficient Transformation: Treatment - 210 PP SNLE ML 40, 60 Knots 
Run 1 Inc. AOA Dec. AOA  Run 2 Inc. AOA Dec. AOA 
AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.29 0.05 0.33 0.06  -2 0.29 0.04 0.31 0.04 
2 0.49 0.05 0.55 0.07  2 0.49 0.04 0.54 0.05 
6 0.69 0.07 0.76 0.09  6 0.70 0.06 0.73 0.07 
10 0.91 0.10 0.97 0.12  10 0.93 0.09 0.97 0.11 
14 1.12 0.14 1.22 0.18  14 1.12 0.13 1.22 0.16 
18 1.25 0.19 1.38 0.23  18 1.24 0.18 1.38 0.22 
22 1.41 0.28 1.44 0.29  22 1.41 0.26 1.42 0.28 
26 1.40 0.37 1.40 0.37  26 1.37 0.35 1.38 0.35 














Figure E-bw-1. CL for treatment - 210 PP SNLE ML40, 60 knots: This plot 

























Statistics: Treatment - 210 PP SNLE ML40, 60 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean 1.002870 .166859 
Std. Error of Mean .0990725 .0329646 
Median 1.119462 .121207 
Mode .2859a .0244a 
Std. Deviation .4203290 .1398571 
Variance .177 .020 
Skewness -.509 .712 
Kurtosis -1.185 -.935 
Range 1.2085 .4014 
Minimum .2859 .0244 
Maximum 1.4944 .4258 
Sum 18.0517 3.0035 





 for treatment - 210 PP SNLE ML40, 60 knots: This plot demonstrates 























Case Processing Summary: Treatment - 210 PP SNLE, 60 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 210 PP SNLE, 60 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .162 18 .200
* .894 18 .046 
CD .174 18 .159 .869 18 .017 
*. This is a lower bound of the true significance. 







ANOVA: Treatment - 210 PP SNLE, 60 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .991 
Within Groups 3.003 16 .188   
Total 3.004 17    
CD 
Between Groups .001 1 .001 .031 .863 
Within Groups .332 16 .021   




















Robust Tests of Equality of Means: Treatment - 210 PP SNLE, 60 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 15.993 .991 
CD Welch .031 1 15.984 .863 
a. Asymptotically F distributed. 
 
 
Table E-bw-9   
   
Average of Treatment - 210 PP SNLE, 60 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.29 0.04   
2 0.49 0.04   
6 0.69 0.06   
10 0.92 0.09   
14 1.12 0.13   
18 1.24 0.19   
22 1.41 0.27   
26 1.38 0.36   



































 average for treatment - 210 PP SNLE ML 40, 60 knots: This 
plot demonstrates the shape and average values of the trials of the test wing.  
Figure E-bw-4. C
D
 average for treatment - 210 PP SNLE ML 40, 60 knots: This 






























Appendix E-bx: Treatment - 210 PP SNLE with Monofilm Laminate on Lower Surface 
to 40% Chord, 80 Knots 
 
 
Table E-bx-1             
  
  
        
Constants                   
  Kinematic viscosity of air, 
STP@5000'msl  0.0002   
  Universal gas constant R in psia-
ft3/slugmole°R 345.2    
  MW air in slugs/slugmole  28.97    
  
  
        
Variables                   
Airspeed (V)        80 knots   
  
  
        
run 1           
Temperature           75 °F 534.7 °R 
  Atmospheric Pressure     25.15 in. Hg 12.35 psi   
  Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
  Dynamic press. q =.5ρV2     17.72 psi     
  Reynolds number (Re)    760000     
  
  
        
run 2           
Temperature           75 °F 534.7 °R 
  Atmospheric Pressure     25.15 in. Hg 12.35 psi   
  Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
  Dynamic press. q =.5ρV2     17.72 psi     
























Table E-bx-2            
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 4.6 10.0 5.0 9.6  -2 4.9 12.2 5.7 12.9 
2 10.5 10.1 12.1 11.1  2 11.5 13.3 13.0 14.4 
6 16.8 13.7 19.1 16.1  6 18.2 18.1 19.9 19.8 
10 24.6 22.4 26.3 25.0  10 25.6 26.3 26.2 27.3 
14 32.1 35.2 33.1 36.0  14 33.7 39.3 33.7 39.8 
18 39.2 50.4 40.5 52.9  18 40.8 55.3 40.4 54.7 
22 44.4 66.2 45.3 69.2  22 45.6 70.3 45.3 71.3 
26 41.5 92.0 41.9 92.4  26 42.3 95.4 41.7 93.4 
30 44.8 111.6 44.8 111.6   30 45.3 111.5 45.3 111.5 
 
 
          
           
Table E-bx-3            
           










AOA      CL CD CL CD  AOA      CL CD CL CD 
-2 0.22 0.04 0.24 0.04  -2 0.23 0.05 0.26 0.05 
2 0.40 0.04 0.45 0.05  2 0.43 0.05 0.48 0.06 
6 0.59 0.06 0.66 0.06  6 0.64 0.07 0.69 0.08 
10 0.83 0.09 0.88 0.10  10 0.86 0.10 0.88 0.11 
14 1.06 0.14 1.09 0.15  14 1.11 0.16 1.11 0.16 
18 1.27 0.21 1.31 0.22  18 1.32 0.23 1.31 0.23 
22 1.43 0.28 1.46 0.29  22 1.47 0.30 1.46 0.30 
26 1.34 0.38 1.36 0.38  26 1.37 0.40 1.35 0.39 

















 for treatment - 210 PP SNLE ML40, 80 knots: This plot demonstrates 
the shape and values of the trials of the test wing for evaluation of similarity. 
Figure E-bx-2. C
D
 for treatment - 210 PP SNLE ML40, 80 knots: This plot demonstrates 





































Statistics: Treatment - 210 PP SNLE ML40, 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .972448 .183968 
Std. Error of Mean .1063226 .0360749 
Median 1.083383 .137656 
Mode .2246a .0268a 
Std. Deviation .4510884 .1530530 
Variance .203 .023 
Skewness -.454 .675 
Kurtosis -1.361 -.948 
Range 1.2442 .4327 
Minimum .2246 .0268 
Maximum 1.4688 .4595 
Sum 17.5041 3.3114 






Case Processing Summary: Treatment - 210 PP SNLE, 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - 210 PP SNLE, 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .193 18 .075 .880 18 .026 
CD .173 18 .165 .872 18 .019 
*. This is a lower bound of the true significance. 













ANOVA: Treatment - 210 PP SNLE, 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .005 1 .005 .021 .887 
Within Groups 3.455 16 .216   
Total 3.459 17    
CD 
Between Groups .001 1 .001 .035 .854 
Within Groups .397 16 .025   






Robust Tests of Equality of Means: Treatment - 210 PP SNLE, 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .021 1 15.999 .887 
CD Welch .035 1 15.999 .854 
a. Asymptotically F distributed. 
 
 
Table E-bx-9   
   
Average of Treatment - 210 PP SNLE, 80 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.23 0.04   
2 0.42 0.05   
6 0.62 0.06   
10 0.85 0.10   
14 1.08 0.15   
18 1.30 0.22   
22 1.45 0.29   
26 1.36 0.39   
















 average for treatment - 210 PP SNLE ML40, 80 knots: This 
plot demonstrates the shape and average values of the trials of the test wing.  
Figure E-bx-4. CD average for treatment - 210 PP SNLE ML40, 80 knots: This plot 






























Appendix E-by: Treatment - 210 PP SNLE with Monofilm Laminate on Lower Surface 




Table E-by-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.16 in. Hg 12.36 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.69 psi     
Reynolds number (Re)    950000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.16 in. Hg 12.36 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.69 psi     























Table E-by-2           
           










AOA Lift Drag Lift Drag   AOA  Lift Drag Lift Drag 
-2 6.1 12.9 6.7 13.2  -2 7.0 12.0 9.1 16.7 
2 15.4 12.6 17.5 14.7  2 17.2 14.1 19.1 18.8 
6 26.2 20.0 28.4 20.9  6 27.2 23.5 28.8 26.2 
10 39.1 33.8 38.3 31.6  10 41.0 38.5 40.1 38.2 
14 49.6 48.9 52.2 52.6  14 51.1 54.5 53.8 59.3 
18 64.3 76.9 63.5 75.7  18 61.9 74.6 65.7 82.3 
22 73.4 102.5 73.4 100.9  22 73.0 101.8 73.9 106.1 
26 66.5 132.0 66.5 122.0  26 62.5 130.0 62.5 130.0 
30           30         
  
 
         
           
Table E-by-3           
           











AOA  CL CD CL CD  AOA CL CD CL CD 
-2 0.17 0.03 0.18 0.03  -2 0.19 0.03 0.23 0.04 
2 0.35 0.03 0.39 0.04  2 0.39 0.04 0.43 0.05 
6 0.56 0.05 0.61 0.06  6 0.58 0.06 0.61 0.07 
10 0.81 0.09 0.80 0.09  10 0.85 0.10 0.83 0.10 
14 1.02 0.14 1.07 0.15  14 1.05 0.15 1.10 0.17 
18 1.30 0.23 1.29 0.23  18 1.26 0.22 1.33 0.25 
22 1.48 0.33 1.48 0.32  22 1.47 0.33 1.49 0.34 
26 1.35 0.40 1.35 0.37  26 1.27 0.39 1.27 0.39 












Figure E-by-1. CL for treatment - 210 PP SNLE ML40, 100 knots: This plot demonstrates 
the shape and values of the trials of the test wing for evaluation of similarity. 
Figure E-by-2. C
D
 for treatment - 210 PP SNLE ML40, 100 knots: This plot demonstrates 






































Statistics: Treatment - 210 PP SNLE ML40, 100 Knots 
 CL CD 
N Valid 16 16 
Missing 0 0 
Mean .881287 .148406 
Std. Error of Mean .1142407 .0327705 
Median .933827 .105984 
Mode .1728a .0165a 
Std. Deviation .4569629 .1310821 
Variance .209 .017 
Skewness -.240 .635 
Kurtosis -1.411 -1.163 
Range 1.3066 .3583 
Minimum .1728 .0165 
Maximum 1.4794 .3748 
Sum 14.1006 2.3745 






Case Processing Summary: Treatment - 210 PP SNLE, 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 16 100.0% 0 0.0% 16 100.0% 






Tests of Normality: Treatment - 210 PP SNLE, 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .169 16 .200
* .919 16 .162 
CD .174 16 .200
* .861 16 .020 
*. This is a lower bound of the true significance. 













ANOVA: Treatment - 210 PP SNLE, 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .998 
Within Groups 3.132 14 .224   
Total 3.132 15    
CD 
Between Groups .000 1 .000 .006 .940 
Within Groups .258 14 .018   






Robust Tests of Equality of Means: Treatment - 210 PP SNLE, 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 13.954 .998 
CD Welch .006 1 14.000 .940 
a. Asymptotically F distributed. 
 
 
Table E-by-9   
   
Average of Treatment - 210 PP SNLE, 100 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.23 0.04   
2 0.42 0.05   
6 0.62 0.06   
10 0.85 0.10   
14 1.08 0.15   
18 1.30 0.22   
22 1.45 0.29   
26 1.36 0.39   


















 average for treatment - 210 PP SNLE ML40, 100 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-by-4. C
D
 average for treatment - 210 PP SNLE ML40, 100 knots: This 






























Appendix E-bz: Treatment - 210 PP SNLE with Monofilm Laminate on Lower Surface to 




Table E-bz-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     39.86 psi     
Reynolds number (Re)    1140000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     39.86 psi     

























Table E-bz-2            
           










AOA  Lift Drag Lift Drag   AOA  Lift Drag Lift Drag 
-2 10.0 20.1 10.6 20.7  -2 9.0 23.4 9.3 24.4 
2 24.2 20.6 26.9 24.9  2 24.6 23.8 24.1 25.5 
6 38.2 30.8 43.3 36.6  6 40.3 35.6 41.3 37.6 
10 54.8 47.8 58.6 53.5  10 55.2 50.8 58.1 55.4 
14 71.5 72.4 77.3 79.4  14 72.4 75.5 77.7 83.3 
18 90.1 105.0 91.9 107.7  18 90.5 106.9 91.6 109.1 
22 107.3 140.0 107.3 140.0  22 108.0 144.4 108.0 144.4 
26      26     
30           30         
 
 
          
           
Table E-bz-3            
           











AOA  CL CD CL CD  AOA CL CD CL CD 
-2 0.17 0.03 0.18 0.03  -2 0.16 0.04 0.16 0.04 
2 0.36 0.04 0.40 0.04  2 0.37 0.04 0.36 0.04 
6 0.55 0.06 0.62 0.07  6 0.58 0.07 0.59 0.07 
10 0.78 0.10 0.83 0.11  10 0.78 0.10 0.82 0.11 
14 1.00 0.16 1.08 0.18  14 1.01 0.17 1.09 0.19 
18 1.25 0.26 1.28 0.27  18 1.26 0.27 1.27 0.27 
22 1.48 0.39 1.48 0.39  22 1.49 0.40 1.49 0.40 
26      26     














Figure E-bz-1. CL for treatment - 210 PP SNLE ML40, 120 knots: This plot demonstrates 
the shape and values of the trials of the wing for evaluation of similarity. 
Figure E-bz-2. C
D
 for treatment - 210 PP SNLE ML40, 120 knots: This plot demonstrates 





































Statistics: Treatment - 210 PP SNLE ML40, 120 Knots 
 CL CD 
N Valid 14 14 
Missing 0 0 
Mean .804722 .135308 
Std. Error of Mean .1227512 .0345295 
Median .779577 .082639 
Mode .1592a .0192a 
Std. Deviation .4592931 .1291974 
Variance .211 .017 
Skewness .117 1.035 
Kurtosis -1.256 -.169 
Range 1.3353 .3686 
Minimum .1592 .0192 
Maximum 1.4944 .3878 
Sum 11.2661 1.8943 






Case Processing Summary: Treatment - 210 PP SNLE, 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 14 100.0% 0 0.0% 14 100.0% 






Tests of Normality: Treatment - 210 PP SNLE, 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .121 14 .200
* .938 14 .392 
CD .221 14 .062 .831 14 .012 
*. This is a lower bound of the true significance. 












ANOVA: Treatment - 210 PP SNLE, 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .001 .977 
Within Groups 2.742 12 .229   
Total 2.742 13    
CD 
Between Groups .000 1 .000 .011 .918 
Within Groups .217 12 .018   






Robust Tests of Equality of Means: Treatment - 210 PP SNLE, 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .001 1 11.999 .977 
CD Welch .011 1 11.996 .918 
a. Asymptotically F distributed. 
 
 
Table E-bz-9   
   
Average of Treatment - 210 PP SNLE, 120 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.17 0.04   
2 0.37 0.04   
6 0.57 0.06   
10 0.78 0.10   
14 1.01 0.16   
18 1.26 0.26   
22 1.49 0.40   
26     


















 average for treatment - 210 PP SNLE ML40, 120 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-bz-4. CD average for treatment - 210 PP SNLE ML 40, 120 knots: This 
































Statistics: Treatment - 210 PP SNLE ML40, 120 Knots 
 CL CD 
N Valid 12 12 
Missing 0 0 
Mean 0.69620 0.12988 
Std. Error of Mean 0.17020 0.04391 
Median 0.68993 0.09309 
Mode #N/A #N/A 
Std. Deviation 0.41689 0.10756 
Variance 0.174 0.012 
Skewness 0.002 1.159 
Kurtosis -1.244 0.449 
Range 1.1103 0.2741 
Minimum 0.1382 0.0387 
Maximum 1.2486 0.3128 






Case Processing Summary: Treatment - 210 PP SNLE, 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 12 100.0% 0 0.0% 12 100.0% 






Tests of Normality: Treatment - 210 PP SNLE, 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .167 12 .150
* .935 12 .442 
CD .211 12 .118 .828 12 .020 
*. This is a lower bound of the true significance. 













ANOVA: Treatment - 210 PP SNLE, 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .003 .959 
Within Groups 1.739 10 .174   
Total 1.740 11    
CD 
Between Groups .000 1 .000 .006 .939 
Within Groups .116 10 .012   






Robust Tests of Equality of Means: Treatment - 210 PP SNLE, 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch Unk Unk Unk Unk 
CD Welch Unk Unk Unk Unk 
a. Asymptotically F distributed. 
 
 
Table E-bz-9   
   
Average of Treatment - 210 PP SNLE, 120 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.14 0.04   
2 0.37 0.04   
6 0.58 0.07   
10 0.80 0.12   
14 1.04 0.20   
18 1.25 0.31   
22     
26     











Appendix E-ca: Treatment - 210 PP SNLE with Monofilm Laminate on Lower Surface to 





Table E-ca-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      140 knots   
          
run 1         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     54.26 psi     
Reynolds number (Re)    1330000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     54.26 psi     


















Table E-ca-2            
           










AOA   Lift Drag Lift Drag   AOA   Lift Drag Lift Drag 
-2 10.6 33.1 15.1 27.6  -2 11.7 32.1 11.9 35.1 
2 34.5 30.9 34.0 32.3  2 34.4 33.0 35.5 38.0 
6 54.7 45.1 52.3 44.0  6 55.8 47.4 54.4 50.8 
10 76.3 65.6 80.4 71.1  10 80.5 71.7 80.9 74.5 
14 100.7 97.4 106.4 105.4  14 103.9 102.5 105.2 105.6 
18 124.1 135.7 124.1 135.7  18 122.3 135.8 122.3 135.8 
22      22     
26      26     
30           30         
           
  
 
         
Table E-ca-3            
           










AOA  CL CD CL CD  AOA CL CD CL CD 
-2 0.13 0.04 0.18 0.03  -2 0.14 0.04 0.15 0.04 
2 0.37 0.04 0.36 0.04  2 0.37 0.04 0.38 0.05 
6 0.57 0.07 0.55 0.06  6 0.58 0.07 0.57 0.08 
10 0.78 0.11 0.82 0.12  10 0.83 0.12 0.83 0.13 
14 1.03 0.19 1.08 0.22  14 1.06 0.21 1.07 0.21 
18 1.26 0.31 1.26 0.31  18 1.24 0.31 1.24 0.31 
22      22     
26      26     














 for treatment - 210 PP SNLE ML40, 140 knots: This plot shows the 
shape and values of the trials of the test wing for evaluation of similarity. 
Figure E-ca-2. C
D
 for treatment - 210 PP SNLE ML40, 140 knots: This plot shows the 







































 average for treatment - 210 PP SNLE ML40, 140 knots: This plot 
demonstrates the shape and average values of the trials of the test wing.  
Figure E-ca-4. C
D
 average for treatment - 210 PP SNLE ML 40, 140 knots: This plot 


































Table E-cb-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         74 °F 533.7 °R 
Atmospheric Pressure     25.16 in. Hg 12.36 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.76 psi     
Reynolds number (Re)    760000     
          
run 2         
Temperature         75 °F 534.7 °R 
Atmospheric Pressure     25.15 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.72 psi     






















Table E-cb-2            
           










AOA      Lift Drag Lift Drag   AOA      Lift Drag Lift Drag 
-2 5.2 6.6 5.3 7.5   -2 6.4 6.6 7.4 7.7 
2 12.4 6.5 13.1 7.8  2 12.7 6.6 13.2 8.1 
6 19.0 12.9 20.6 15.1  6 19.4 13.1 20.1 14.5 
10 24.5 21.3 27.4 25.8  10 25.0 21.8 26.7 24.7 
14 31.3 33.4 34.0 38.9  14 31.4 34.1 33.6 37.8 
18 36.9 47.0 39.0 53.4  18 37.4 49.0 39.1 53.2 
22 41.3 52.6 42.5 67.6  22 42.5 66.4 42.8 68.5 
26 41.6 79.8 30.3 107.9  26 42.2 82.6 28.4 115.3 
30 29.3 129.6 29.3 129.6   30 25.9 140.5 25.9 140.5 
    
 
       
           
Table E-cb-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.24 0.03 0.25 0.03  -2 0.28 0.03 0.31 0.03 
2 0.46 0.03 0.48 0.03  2 0.47 0.03 0.49 0.04 
6 0.66 0.05 0.71 0.06  6 0.67 0.05 0.69 0.06 
10 0.83 0.09 0.91 0.10  10 0.84 0.09 0.90 0.10 
14 1.03 0.14 1.11 0.16  14 1.04 0.14 1.10 0.15 
18 1.20 0.19 1.27 0.22  18 1.22 0.20 1.27 0.22 
22 1.34 0.22 1.37 0.28  22 1.37 0.28 1.38 0.29 
26 1.34 0.33 1.00 0.42  26 1.37 0.34 0.95 0.44 

















 for treatment - BVinyl, 80 knots: This plot demonstrates 
the shape and values of the trials of the test wing for evaluation of similarity. 
Figure E-cb-2. C
D
 for treatment - BVinyl, 80 knots: This plot demonstrates the 










































Statistics: Treatment - Bumpy Surface Vinyl, 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .900620 .168364 
Std. Error of Mean .0881657 .0376565 
Median .921440 .122730 
Mode .2422a .0155a 
Std. Deviation .3740554 .1597630 
Variance .140 .026 
Skewness -.348 1.035 
Kurtosis -1.018 .199 
Range 1.1325 .5038 
Minimum .2422 .0155 
Maximum 1.3747 .5192 






Case Processing Summary: Treatment - Bumpy Surface Vinyl, 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - Bumpy Surface Vinyl, 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .123 18 .200
* .931 18 .206 
CD .169 18 .186 .864 18 .014 
*. This is a lower bound of the true significance. 













ANOVA: Treatment - Bumpy Surface Vinyl, 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .001 .971 
Within Groups 2.378 16 .149   
Total 2.379 17    
CD 
Between Groups .001 1 .001 .030 .865 
Within Groups .433 16 .027   






Robust Tests of Equality of Means: Treatment - Bumpy Surface Vinyl, 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .001 1 16.000 .971 
CD Welch .030 1 15.906 .865 
a. Asymptotically F distributed. 
 
 
Table E-cb-9   
   
Average of Treatment - Bumpy Surface Vinyl, 80 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.26 0.03   
2 0.47 0.03   
6 0.67 0.05   
10 0.84 0.09   
14 1.04 0.14   
18 1.21 0.20   
22 1.35 0.25   
26 1.35 0.34   















 average for treatment - BVinyl, 80 knots: This plot demonstrates 
the shape and average values of the trials of the test wing.  
Figure E-cb-4. C
D
 average for treatment - BVinyl, 80 knots: This plot demonstrates 


































Table E-cc-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         79 °F 538.7 °R 
Atmospheric Pressure     25.14 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.47 psi     
Reynolds number (Re)    950000     
          
run 2         
Temperature         81 °F 540.7 °R 
Atmospheric Pressure     25.13 in. Hg 12.34 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.35 psi     
























Table E-cc-2            
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 8.2 7.0 9.9 7.3  -2 8.4 8.1 10.0 7.7 
2 19.3 6.4 19.9 8.2  2 18.0 7.0 19.5 8.4 
6 29.8 17.2 29.9 18.2  6 28.0 15.2 29.6 17.9 
10 38.4 29.5 40.2 33.1  10 37.9 29.2 39.9 32.2 
14 48.1 46.1 51.1 52.5  14 47.3 44.6 50.7 50.9 
18 56.7 66.3 60.0 73.9  18 56.9 65.2 60.1 75.0 
22 64.8 91.5 66.1 96.3  22 65.0 91.3 65.8 98.1 
26 62.3 124.2 61.3 127.4  26 63.9 117.2 61.0 126.3 
30 61.5 161.9 61.5 161.9   30 61.3 158.2 61.3 158.2 
           
 
 
          
Table E-cc-3            
           










AOA  CL CD CL CD  AOA CL CD CL CD 
-2 0.22 0.02 0.25 0.02  -2 0.22 0.02 0.25 0.02 
2 0.43 0.02 0.44 0.02  2 0.41 0.02 0.44 0.02 
6 0.64 0.05 0.64 0.05  6 0.61 0.04 0.64 0.05 
10 0.81 0.08 0.84 0.09  10 0.80 0.08 0.84 0.09 
14 1.00 0.13 1.06 0.15  14 0.98 0.13 1.05 0.15 
18 1.16 0.20 1.23 0.22  18 1.17 0.19 1.24 0.23 
22 1.32 0.28 1.35 0.30  22 1.33 0.28 1.35 0.30 
26 1.27 0.37 1.25 0.38  26 1.31 0.36 1.25 0.38 


















 for treatment - BVinyl, 100 knots: This plot demonstrates the shape 
and values of the trials of the test wing for evaluation of similarity. 
Figure E-cc-2. C
D
 for treatment - BVinyl, 100 knots: This plot demonstrates the 





































Statistics: Treatment - Bumpy Surface Vinyl, 100 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .900338 .164681 
Std. Error of Mean .0932302 .0377197 
Median .990558 .112753 
Mode .2153a .0048a 
Std. Deviation .3955421 .1600310 
Variance .156 .026 
Skewness -.526 .757 
Kurtosis -1.175 -.722 
Range 1.1173 .4661 
Minimum .2153 .0048 
Maximum 1.3326 .4709 






Case Processing Summary: Treatment - Bumpy Surface Vinyl, 100 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - Bumpy Surface Vinyl, 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .193 18 .077 .884 18 .030 
CD .178 18 .137 .870 18 .018 
*. This is a lower bound of the true significance. 














ANOVA: Treatment - Bumpy Surface Vinyl, 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .994 
Within Groups 2.660 16 .166   
Total 2.660 17    
CD 
Between Groups .000 1 .000 .002 .962 
Within Groups .435 16 .027   






Robust Tests of Equality of Means: Treatment - Bumpy Surface Vinyl, 100 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 15.987 .994 
CD Welch .002 1 15.990 .962 
a. Asymptotically F distributed. 
 
 
Table E-cc-9   
   
Average of Treatment - Bumpy Surface Vinyl, 100 Knot Runs to be Used for 
Comparison 
AOA CL CD   
-2 0.22 0.02   
2 0.42 0.02   
6 0.62 0.04   
10 0.80 0.08   
14 0.99 0.13   
18 1.17 0.19   
22 1.33 0.28   
26 1.29 0.36   















 average for treatment - BVinyl, 100 knots: This plot demonstrates 
the shape and average values of the trials of the test wing.  
Figure E-cc-4. C
D
 average for treatment - BVinyl, 100 knots: This plot demonstrates 


































Table E-cd-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         81 °F 540.7 °R 
Atmospheric Pressure     25.12 in. Hg 12.34 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     39.37 psi     
Reynolds number (Re)    1140000     
          
run 2         
Temperature         79 °F 538.7 °R 
Atmospheric Pressure     25.12 in. Hg 12.34 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     39.52 psi     
























Table E-cd-2            
           










AOA  Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 13.2 14.9 13.6 16.3  -2 12.3 15.1 11.7 15.3 
2 25.6 13.3 29.8 16.5  2 26.0 12.6 27.7 15.0 
6 39.3 22.7 44.0 29.1  6 41.5 23.6 43.3 37.3 
10 54.9 41.5 58.9 47.7  10 57.0 43.7 57.4 45.4 
14 69.9 65.1 72.8 69.8  14 72.3 67.6 71.4 68.8 
18 83.6 93.2 86.4 104.3  18 85.7 95.8 88.1 107.3 
22 94.1 131.1 93.4 131.6  22 94.6 131.6 95.2 136.7 
26 88.7 173.9 88.9 168.0  26 89.9 177.7 88.8 177.4 
30 69.0 277.8 69.0 277.8   30 68.8 274.6 68.8 274.6 
 
           
           
Table E-cd-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.22 0.03 0.22 0.03  -2 0.21 0.03 0.20 0.03 
2 0.39 0.03 0.45 0.03  2 0.39 0.02 0.41 0.03 
6 0.57 0.04 0.64 0.06  6 0.60 0.05 0.63 0.07 
10 0.79 0.09 0.84 0.10  10 0.81 0.09 0.82 0.09 
14 0.99 0.14 1.03 0.16  14 1.02 0.15 1.01 0.15 
18 1.18 0.22 1.22 0.26  18 1.20 0.23 1.24 0.26 
22 1.32 0.34 1.31 0.34  22 1.33 0.34 1.33 0.35 
26 1.25 0.43 1.25 0.42  26 1.26 0.44 1.25 0.44 

















 for treatment - BVinyl, 120 knots: This plot demonstrates the shape 

















 for treatment - BVinyl, 120 knots: This plot demonstrates the shape 
























Statistics: Treatment - Bumpy Surface Vinyl, 120 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .875905 .195144 
Std. Error of Mean .0922475 .0451977 
Median .986584 .130237 
Mode .2054a .0086a 
Std. Deviation .3913732 .1917576 
Variance .153 .037 
Skewness -.502 .780 
Kurtosis -1.196 -.665 
Range 1.1197 .5826 
Minimum .2054 .0086 
Maximum .875905 .195144 






Case Processing Summary: Treatment - Bumpy Surface Vinyl, 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - Bumpy Surface Vinyl, 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .170 18 .180 .893 18 .044 
CD .182 18 .117 .870 18 .018 
*. This is a lower bound of the true significance. 













ANOVA: Treatment - Bumpy Surface Vinyl, 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .008 1 .008 .049 .828 
Within Groups 2.596 16 .162   
Total 2.604 17    
CD 
Between Groups .000 1 .000 .002 .961 
Within Groups .625 16 .039   






Robust Tests of Equality of Means: Treatment - Bumpy Surface Vinyl, 120 Knots 
 Statistica df1 df2 Sig. 
CL Welch .049 1 15.944 .828 
CD Welch .002 1 15.894 .961 
a. Asymptotically F distributed. 
 
 
Table E-cd-9   
   
Average of Treatment - Bumpy Surface Vinyl, 120 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.22 0.02   
2 0.42 0.02   
6 0.62 0.04   
10 0.80 0.08   
14 0.99 0.13   
18 1.17 0.19   
22 1.33 0.28   
26 1.29 0.36   














 average for treatment - BVinyl, 120 knots: This plot demonstrates 
the shape and average values of the trials of the test wing.  
Figure E-cd-4. C
D
 average for treatment - BVinyl, 120 knots: This plot demonstrates 


































Table E-ce-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      80 knots   
          
run 1         
Temperature         80 °F 539.7 °R 
Atmospheric Pressure     25.14 in. Hg 12.35 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.55 psi     
Reynolds number (Re)    760000     
          
run 2         
Temperature         81 °F 540.7 °R 
Atmospheric Pressure     25.13 in. Hg 12.34 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     17.51 psi     























Table E-ce-2            
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 5.8 4.6 6.0 4.2  -2 5.2 2.8 5.8 2.8 
2 11.8 4.4 13.2 5.7  2 12.7 3.9 13.0 4.7 
6 17.9 9.4 20.7 12.0  6 19.0 10.5 20.4 10.4 
10 23.7 18.8 27.6 21.9  10 24.9 20.8 26.1 20.7 
14 30.9 32.9 33.6 35.7  14 30.2 31.3 32.3 33.5 
18 36.1 46.1 38.6 50.5  18 36.0 46.7 37.7 49.1 
22 40.1 62.7 40.7 68.0  22 39.4 61.2 40.4 66.2 
26 41.9 82.4 41.0 81.8  26 40.1 77.2 40.4 83.3 
30 40.3 106.2 40.3 106.2   30 39.3 103.7 39.3 103.7 
 
 
          
           
Table E-ce-3            
           
Calibration and Coefficient Transformation: Treatment - WVinyl, 80 Knots 
Run 1 Inc. AOA Dec. AOA  Run 2 Inc. AOA Dec. AOA 
AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.26 0.02 0.27 0.02  -2 0.25 0.02 0.26 0.02 
2 0.45 0.02 0.49 0.03  2 0.48 0.02 0.49 0.02 
6 0.63 0.04 0.72 0.05  6 0.67 0.05 0.71 0.05 
10 0.81 0.08 0.93 0.09  10 0.85 0.09 0.89 0.09 
14 1.03 0.13 1.12 0.15  14 1.01 0.13 1.08 0.14 
18 1.19 0.19 1.27 0.21  18 1.19 0.19 1.24 0.20 
22 1.31 0.26 1.33 0.28  22 1.30 0.26 1.33 0.28 
26 1.37 0.35 1.34 0.34  26 1.32 0.32 1.33 0.35 




















 for treatment - WVinyl, 80 knots: This plot demonstrates the shape 

















 for treatment - WVinyl, 80 knots: This plot demonstrates the shape 






















Statistics: Treatment - Wrinkled Surface Vinyl, 80 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .0920249 .0340654 
Std. Error of Mean 1.023077 .117222 
Median .2457a .0028a 
Mode .3904284 .1445274 
Std. Deviation .152 .021 
Variance -.527 .675 
Skewness -1.174 -.810 
Kurtosis 1.1240 .4258 
Range .2457 .0028 
Minimum 1.3697 .4286 
Maximum 16.7406 2.7915 






Case Processing Summary: Treatment - Wrinkled Surface Vinyl, 80 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - Wrinkled Surface Vinyl, 80 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .193 18 .075 .884 18 .031 
CD .164 18 .200
* .887 18 .034 
*. This is a lower bound of the true significance. 













ANOVA: Treatment - Wrinkled Surface Vinyl, 80 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .985 
Within Groups 2.591 16 .162   
Total 2.591 17    
CD 
Between Groups .000 1 .000 .004 .948 
Within Groups .355 16 .022   






Robust Tests of Equality of Means: Treatment - Wrinkled Surface Vinyl, 80 Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 15.970 .985 
CD Welch .004 1 15.971 .948 
a. Asymptotically F distributed. 
 
 
Table E-ce-9   
   
Average of Treatment - Wrinkled Surface Vinyl, 80 Knot Runs to be Used for Comparison 
AOA CL CD   
-2 0.25 0.02   
2 0.46 0.02   
6 0.65 0.04   
10 0.83 0.08   
14 1.02 0.13   
18 1.19 0.19   
22 1.31 0.26   
26 1.34 0.33   
















 average for treatment - WVinyl, 80 knots: This plot demonstrates 













WVinyl, 80 Knots Ave CL
Figure E-ce-4. C
D
 average for treatment - WVinyl, 80 knots: This plot demonstrates 





















Table E-cf-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      100 knots   
          
run 1         
Temperature         81 °F 540.7 °R 
Atmospheric Pressure     25.11 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.33 psi     
Reynolds number (Re)  950000     
          
run 2         
Temperature         82 °F 541.7 °R 
Atmospheric Pressure     25.1 in. Hg 12.33 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     27.27 psi     




















Table E-cf-2            
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 10.4 6.9 10.9 8.2  -2 10.2 7.6 10.6 7.5 
2 20.6 10.1 22.0 11.7  2 20.5 9.6 20.9 10.4 
6 29.7 18.8 31.4 21.3  6 30.3 19.2 31.5 20.0 
10 38.9 32.1 40.9 35.6  10 39.7 33.2 42.3 36.2 
14 50.9 53.2 51.0 54.0  14 49.1 49.9 52.2 53.8 
18 59.5 74.9 59.6 77.0  18 57.7 71.9 60.5 78.8 
22 63.3 97.8 63.7 101.2  22 63.5 98.6 63.2 100.4 
26 64.6 122.9 64.3 125.4  26 65.3 123.9 64.4 123.4 
30 61.6 169.0 61.6 169.0   30 63.1 167.0 63.1 167.0 
 
           
           
Table E-cf-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.26 0.02 0.27 0.02  -2 0.26 0.02 0.26 0.02 
2 0.46 0.03 0.49 0.03  2 0.46 0.03 0.47 0.03 
6 0.64 0.05 0.67 0.06  6 0.65 0.05 0.68 0.05 
10 0.82 0.09 0.86 0.10  10 0.84 0.09 0.89 0.10 
14 1.06 0.15 1.06 0.16  14 1.02 0.14 1.08 0.16 
18 1.23 0.22 1.23 0.23  18 1.19 0.21 1.25 0.24 
22 1.30 0.30 1.31 0.31  22 1.31 0.30 1.30 0.31 
26 1.33 0.38 1.32 0.38  26 1.34 0.38 1.32 0.38 


















 for treatment - WVinyl, 100 knots: This plot demonstrates the shape 

















 for treatment - WVinyl, 100 knots: This plot demonstrates the shape 





















Statistics: Treatment - Wrinkled Surface Vinyl, 100 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .0915447 .0393935 
Std. Error of Mean 1.039789 .132171 
Median .2563a .0057a 
Mode .3883912 .1671324 
Std. Deviation .151 .028 
Variance -.547 .716 
Skewness -1.203 -.722 
Kurtosis 1.0863 .4891 
Range .2563 .0057 
Minimum 1.3426 .4948 
Maximum 16.7256 3.2247 










Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - Wrinkled Surface Vinyl, 100 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .196 18 .067 .871 18 .019 
CD .176 18 .146 .880 18 .026 
*. This is a lower bound of the true significance. 












ANOVA: Treatment - Wrinkled Surface Vinyl, 100 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .000 .992 
Within Groups 2.564 16 .160   
Total 2.564 17    
CD 
Between Groups .000 1 .000 .000 .992 
Within Groups .475 16 .030   






Robust Tests of Equality of Means: Treatment - Wrinkled Surface Vinyl, 100 
Knots 
 Statistica df1 df2 Sig. 
CL Welch .000 1 16.000 .992 
CD Welch .000 1 16.000 .992 
a. Asymptotically F distributed. 
 
 
Table E-cf-9   
   
Average of Treatment - Wrinkled Surface Vinyl, 100 Knot Runs to be Used for 
Comparison 
AOA CL CD   
-2 0.26 0.02   
2 0.46 0.03   
6 0.65 0.05   
10 0.83 0.09   
14 1.04 0.15   
18 1.21 0.22   
22 1.30 0.30   
26 1.33 0.38   














 average for treatment - WVinyl, 100 knots: This plot demonstrates 













WVinyl, 100 Knots Ave CL
Figure E-cf-4. C
D
 average for treatment - WVinyl, 100 knots: This plot demonstrates 

















Appendix E-cg: Treatment - Wrinkled Surface Vinyl, 120 Knots 
 
Table E-cg-1           
          
Constants                 
Kinematic viscosity of air, STP@5000'msl  0.0002   
Universal gas constant R in psia-ft3/slugmole°R 345.2    
MW air in slugs/slugmole  28.97    
          
Variables                 
Airspeed (V)      120 knots   
          
run 1         
Temperature         81 °F 540.7 °R 
Atmospheric Pressure     25.09 in. Hg 12.32 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     39.33 psi     
Reynolds number (Re)    1140000     
          
run 2         
Temperature         81 °F 540.7 °R 
Atmospheric Pressure     25.08 in. Hg 12.32 psi   
Air density = ρ slugs/ft3 = (MW)P/RT 0.002 slugs/ft3   
Dynamic press. q =.5ρV2     39.31 psi     





















Table E-cg-2            
           










AOA Lift Drag Lift Drag   AOA Lift Drag Lift Drag 
-2 13.8 11.3 13.2 10.8  -2 14.2 11.6 13.4 12.1 
2 28.1 12.0 28.5 13.5  2 29.0 12.8 28.4 15.3 
6 42.5 26.6 42.0 26.5  6 40.5 24.9 43.5 29.8 
10 55.9 46.8 57.5 47.3  10 55.1 44.7 56.8 47.3 
14 70.6 72.3 72.1 73.9  14 69.5 68.8 71.9 73.5 
18 82.7 101.6 81.4 102.9  18 81.7 98.1 79.6 97.8 
22 89.7 131.1 89.8 140.4  22 88.5 132.3 86.7 142.0 
26 88.6 188.5 89.2 186.1  26 88.3 188.8 88.0 190.4 
30 88.6 248.0 88.6 248.0   30 88.4 255.0 88.4 255.0 
 
           
           
Table E-cg-3            
           










AOA CL CD CL CD  AOA CL CD CL CD 
-2 0.23 0.02 0.22 0.02  -2 0.23 0.02 0.22 0.02 
2 0.42 0.02 0.43 0.03  2 0.43 0.03 0.43 0.03 
6 0.62 0.05 0.61 0.05  6 0.59 0.05 0.63 0.06 
10 0.80 0.10 0.82 0.10  10 0.79 0.09 0.82 0.10 
14 1.00 0.16 1.02 0.17  14 0.99 0.15 1.02 0.17 
18 1.17 0.24 1.15 0.24  18 1.16 0.23 1.13 0.23 
22 1.26 0.33 1.27 0.35  22 1.25 0.33 1.22 0.35 
26 1.25 0.47 1.26 0.46  26 1.25 0.47 1.24 0.47 



















 for treatment - WVinyl, 120 knots: This plot demonstrates the 















Figure E-cg-2. CD for treatment - WVinyl, 120 knots: This plot demonstrates 




















Statistics: Treatment - Wrinkled Surface Vinyl, 120 Knots 
 CL CD 
N Valid 18 18 
Missing 0 0 
Mean .885859 .206350 
Std. Error of Mean .0891054 .0487814 
Median .996163 .139027 
Mode 1.2496 .0060a 
Std. Deviation .3780423 .2069620 
Variance .143 .043 
Skewness -.569 .865 
Kurtosis -1.193 -.466 
Range 1.0377 .6114 
Minimum .2269 .0060 
Maximum 1.2646 .6174 






Case Processing Summary: Treatment - Wrinkled Surface Vinyl, 120 Knots 
 
Cases 
Valid Missing Total 
N Percent N Percent N Percent 
CL 18 100.0% 0 0.0% 18 100.0% 






Tests of Normality: Treatment - Wrinkled Surface Vinyl, 120 Knots 
 
Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic df Sig. 
CL .207 18 .041 .856 18 .011 
CD .175 18 .149 .862 18 .013 
*. This is a lower bound of the true significance. 













ANOVA: Treatment - Wrinkled Surface Vinyl, 120 Knots 
 Sum of Squares df Mean Square F Sig. 
CL 
Between Groups .000 1 .000 .002 .967 
Within Groups 2.429 16 .152   
Total 2.430 17    
CD 
Between Groups .000 1 .000 .000 .994 
Within Groups .728 16 .046   






Robust Tests of Equality of Means: Treatment - Wrinkled Surface Vinyl, 120 
Knots 
 Statistica df1 df2 Sig. 
CL Welch .002 1 15.998 .967 
CD Welch .000 1 15.992 .994 
a. Asymptotically F distributed. 
 
 
Table E-cg-9   
   
Average of Treatment - Wrinkled Surface Vinyl, 120 Knot Runs to be Used for 
Comparison 
AOA CL CD   
-2 0.23 0.02   
2 0.43 0.02   
6 0.61 0.05   
10 0.80 0.09   
14 1.00 0.16   
18 1.16 0.24   
22 1.26 0.33   
26 1.25 0.47   










 average for treatment - WVinyl, 120 knots: This plot demonstrates 













WVinyl, 120 Knots Ave CL
Figure E-cg-4. C
D
 average for treatment - WVinyl, 120 knots: This plot demonstrates 












WVinyl, 120 Knots Ave CD
